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THE HARD START PHENOMENA I N  HYPERGOLIC ENGINES 
VOLUME 111. PHYSICAL AND COMBUSTION CHARACTERISTICS 
OF ENGINE RESIDUES 
Yael Mironl and H.  E. Pe r l ee2  
INTRODUCTION 
Many causes  have been suggested f o r  t h e  occas iona l  d e s t r u c t i v e  ign i -  
t i o n  of t h e  Apollo React ion Control  (RSC) engines  under s imula ted  high- 
a l t i t u d e  condi t ions .  One of t h e s e  concerned t h e  format ion  of exp los ive  
subs tances  o r  mixtures ,  during t h e  p r e i g n i t i o n  and postcombustion pe r iods  
of engine ope ra t ion .  None of t h e  known d e s t r u c t i v e  i g n i t i o n s  r epor t ed ly  
occurred on t h e  f i r s t  f i r i n g  of a c l ean  engine.  This obse rva t ion  seemed t o  
s u b s t a n t i a t e  t h e  sugges t ion  t h a t  explos ive  subs tances  accumulated i n  t h e  
engine during t h e  subsequent f i r i n g s ,  occas iona l ly  reaching propor t ions  
s u f f i c i e n t  t o  damage t h e  engine when they were i g n i t e d .  
suspec ted  t h a t  p r o p e l l a n t s  leak ing  i n t o  t h e  very  low p r e s s u r e  engine  envi- 
ronment, as i t  is i n  deep space ,  due t o  f a u l t y  valve ope ra t ion ,  can a l s o  
react t o  form explos ive  substances.  The p o t e n t i a l l y  explos ive  materials 
t h a t  are suspec ted  and i d e n t i f i e d  i n  t h e  nonflame r e a c t i o n s  inc lude  t h e  
mononitrates  and d i n i t r a t e s ,  t h e  mononi t r i tes  and d i n i t r i t e s ,  and az ides  of 
of hydrazine,  monomethylhydrazine, and unsymmetrical dimethylhydrazine; 
t h e  hydrogen a z i d e ,  n i t r o s y l  az ide ,  ammonium az ide ,  and ammonium n i t r a t e .  
To e v a l u a t e  t h e  c r e d i b i l i t y  of th is  suggested source  of t h e  RCS engine 
ha rd - s t a r t  problem, as i t  is termed, i t  w a s  necessary  t o :  
It has  a lso been 
1. Establish that chemical reactions occurred during the preig- 
n i t i o n  and postcombustion per iods .  
2 .  I d e n t i f y  t h e  chemical s p e c i e s  of t h e  products  of p r e i g n i t i o n  
and postcombustion r eac t ions .  
3.  Determine t h e  explos ive  n a t u r e  of t h e  i d e n t i f i e d  s p e c i e s .  
Indeed, i t  has been found by t h e  Bureau and by o t h e r  i n v e s t i g a t o r s ,  
t h a t  t h e  va r ious  subs tances  mentioned above are formed dur ing  p r e i g n i t i o n  
and postcombustion pe r iods .  Thei r  formation and i d e n t i f i c a t i o n  i n  engine 
r e s i d u e s ,  i n  prototype-engine r e a c t i o n  products ,  and i n  gas-phase and 
l iquid-phase r e a c t i o n s  i n  v a r i o u s  experimental  s e t u p s  are descr ibed  and 
d iscussed  i n  volume I V  of t h i s  r e p o r t .  
'Chemical r e sea rch  engineer .  
2Chief ,  Theore t i ca l  Support 
Both au tho r s  are wi th  t h e  P i t t sbu rgh  Mining and Sa fe ty  Research Center ,  
Bureau of Mines, U.S. Department of t h e  I n t e r i o r ,  P i t t sbu rgh ,  Pa. 
Once t h i s  f a c t  t h a t  t hese  materials form and are p resen t  i n  t h e  engine 
has been e s t a b l i s h e d ,  as i t  is i n  volume I V ,  i t  becomes important t o  de t e r -  
mine t h e  explos ive  n a t u r e  of t h e s e  materials. 
In orde r  t o  be a b l e  t o  s tudy  t h e  combustion p r o p e r t i e s ,  t h e  va r ious  
subs tances  had t o  be  prepared i n  s u f f i c i e n t  quan t i ty  and a t  high p u r i t y .  
S ince ,  a t  t h e  t i m e  of t h i s  i n v e s t i g a t i o n ,  methods of p repa ra t ion  and iden- 
t i f i c a t i o n  ( i .e. ,  i n f r a r e d  s p e c t r a ,  x-ray s p e c t r a ,  and s o  f o r t h )  of many of 
t hese  materials were no t  a v a i l a b l e  i n  t h e  l i t e r a t u r e ,  t h e  methods used by t h e  
Bureau are b r i e f l y  descr ibed  he re .  Also g iven  are t h e  i n f r a r e d  s p e c t r a ,  
x-ray s p e c t r a ,  and/or  any o t h e r  s i g n a t u r e s  of t h e  compounds, obtained both  by 
Bureau i n v e s t i g a t o r s  and by o the r s .  Thus, t h i s  volume conta ins  a l l  t h e  avail- 
a b l e  informat ion  p e r t a i n i n g  t o  t h e  phys ica l  and explos ion  c h a r a c t e r i s t i c s  of 
hydrazine n i t r a t e  (HN),  monomethylhydrazine n i t r a t e  (MN), unsymmetrical di-  
methylhydrazine n i t r a t e  (UN),  hydrazine d i n i t r a t e  (H2N), hydrazine n i t r i t e ,  
t e t r ame thy l t e t r azene  (TMT), hydrazine az ide ,  and n i t r o s y l  az ide .  
A t  t h i s  p o i n t ,  i t  is i n t e r e s t i n g  t o  no te  t h e  r e s u l t s  of t h e  ana lyses  
of r e s i d u e  material c o l l e c t e d  by Manned Spacecraf t  Center (MSC) personnel ,  
fo l lowing  engine shutdown, from va r ious  l o c a t i o n s  i n  t h e  environmental  test  
chamber and from t h e  RCS rocke t  engine which are presented  i n  t a b l e  1. The 
f u e l  used i n  t h e s e  tests w a s  Aerozine-50 ( o r  A-50, a 50:50 mixture  of hydra- 
z ine  and unsymmetrical dimethylhydrazine).  HN w a s  d e t e c t e d  i n  most of t h e  
r e s idues  examined. 
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TABLE 1. - Results of chemical analysis of Manned 
Spacecraft 'Center (MSC) residues 
- 
Sam- 
ple 
No. 
10 
12 
- 
13 
14 
16 
19 
24 
Origin 
of MSC 
sample 
Rocket nozzle..... 
Environmental 
chamber wall.. .. 
Cooling shroud.... 
Rocket combustion 
chamber......... 
Injector face 
following run 
NO. 59-22....... 
Residue taken 
July 22, 1966 
after 1,000 
pulses; origin 
unknown......... 
Precup (after 
block 74>3 
Residue/ 
distillate 
Weight rati 
2100/0 
58/42 
7/93 
2100/0 
2100/0 
2100/0 
29/71 
Di s ti lla t e comp os i ti or 
(analyzed 
Constituent - 
Water 
Hydrazine 
Unknown 
Water 
Hydrazine 
Unknown 
Water 
Hydrazine 
UDMH 
- X C :  ,Gas-liquid partit 
2Sample received as solid. 
%SC test run designation. 
n chromatography. 
GLC) P 
Mole, pet - 
95 
0 
5 
98 
0 
2 
- 
- 
- 
93.0 
4.5 
2.5 
Residue composition 
(infrared analysis) 
Weight pct 
HN >90 
HN >90 
Not enough residue 
recovered for 
reliable analysis 
HN >90 
HN >90 
HN >90 
HN >90 
(Possible ammonium 
nitrate) 
1 0  
The r e s i d u e s  c o l l e c t e d  i n  experimental  engines ,  f low r e a c t o r s ,  and 
o t h e r  test conf igu ra t ions  by va r ipus  r e s e a r c h e r s ,  i nc lud ing  t h e  Bureau, 
cons i s t ed  mainly of d i l u t e  s o l u t i o n s  of n i t r a t e  salts  i n  water and unre- 
ac t ed  f u e l  o r  of s o l u t i o n s  of n i t r a t e  salts  i n  water and unreac ted  oxi- 
dant .  
The type of sa l t  formed depended on the f u e l  used. 
Other subs tances  were found i n  these r e s i d u e s  i n  small q u a n t i t i e s .  
A p o i n t  t h a t  must be s t r e s s e d  he re  i s  t h e  obse rva t ion  by the Bureau 
t h a t  t h e  concen t r a t ion  of salts i n  t h e  r e s i d u e s  depended on t h e  sampling 
t i m e .  A t  t i m e s ,  i f  t h e  products  on t h e  t w - d i m e n s i o n a l  (2-D) experimental  
engine w a l l s ,  f o r  example, were no t  c o l l e c t e d  innnediatelp, t hey  adsorbed 
water. This  could be observed v i s u a l l y  by t h e  p a l i n g  of ,the l igh t -ye l low 
co lo r  of t h e  r e s i d u e  s o l u t i o n ,  by t h e  i n c r e a s e  i n  t h e  volume of t h e  t h i n  
f i l m s  of r e s i d u e  on t h e  w a l l s ,  and by t h e  change i n  t h e  i n f r a r e d  spectrum 
of t h e  sample when c o l l e c t e d  a t  d i f f e r e n t  sampling t i m e s .  A t  o t h e r  t i m e s  
(probably dependent, among o t h e r  f a c t o r s ,  on temperature  and humidity a t  
t i m e  of sampling) ,  t h i n  powdery l a y e r s  and even ve ry  f i n e  c r y s t a l s  were 
found on t h e  w a l l s  of t h e  2-D engine and gas  f low r e a c t o r ,  which w e r e  
o r i g i n a l l y  covered wi th  a t h i n  l a y e r  of l i q u i d .  Of cour se ,  as soon as 
t h e s e  w e r e  exposed t o  a humid atmosphere,they adsorbed water. 
no way of determining t h e  concen t r a t ion  of t h e  v a r i o u s  sa l t s  i n  t h e  resi- 
due when explos ions  d i d  occur  i n  t h e  RCS engines .  The r e s i d u e s  t h a t  were 
examined w e r e  always those  taken from t h e  w a l l s  when exp los ions  d id  no t  
t ake  p l ace ;  i t  i s  presumed t h a t  they  may l ead  t o  explos ions .  
reason ,  t h e  combustion c h a r a c t e r i s t i c s  of t h e  pure n i t r a t e  salts as w e l l  
as of t h e  concent ra ted  and d i l u t e  s o l u t i o n s  of t h e  sa l ts  w e r e  eva lua ted .  
There i s  
For t h i s  
Two methods of r e s i d u e  a n a l y s i s  and i d e n t i f i c a t i o n  w e r e  used. I n  
t h e  f i r s t  method, one compared t h e  s p e c t r a  of t h e  r e s i d u e s  wi th  a v a i l a b l e  
s p e c t r a  of t h e  aqueous s o l u t i o n s  of t h e  va r ious  n i t r a t e  sa l t s  and of t h e  
sal ts  i n  t h e i r  l i q u i d  p r o p e l l a n t  p recu r so r s  ( i . e . ,  HN i n  hydraz ine ) .  The 
o t h e r  method w a s  via s e p a r a t i o n  and p u r i f i c a t i o n ,  followed by chemical 
and p h y s i c a l  a n a l y s i s  of t h e  r e s i d u e  con ten t s .  For t h i s  purpose,  mel t ing  
p o i n t s ,  b o i l i n g  p o i n t s ,  c r y s t a l  s t r u c t u r e ,  and o t h e r  p h y s i c a l  p r o p e r t i e s  
are needed. 
Not only  w a s  i t  necessary  t o  i d e n t i f y  t h e  r e s i d u e s  and t o  determine 
t h e i r  p o t e n t i a l  hazards ,  b u t  methods f o r  t h e i r  removal from t h e  engine 
w a l l s  were a l s o  considered.  An obvious removal technique would be t o  
evapora te  t h e  r e s i d u e s ;  t h i s  would r e q u i r e  c y c l i c  h e a t i n g  of t h e  engine 
w a l l s .  I n  o rde r  t o  assess t h e  p o s s i b i l i t i e s  of t h i s  method, i .e. ,  t h e  
maximum temperature ,  and l eng th  of h e a t i n g  per iod  needed, t h e  evapora t ion  
rates, a t  d i f f e r e n t  temperature  and p r e s s u r e  c o n d i t i o n s ,  and t h e  evapora- 
t i o n  mede had t o  be measured. 
of t h e  major compounds found i n  engine r e s f d u e s ,  are repor t ed  i n  8ome 
d e t a i l  he re .  
of r e s i d u e s  conta in ing  HN by evapora t ion ,  i n  a reasonable  tfme and us ing  
reasonable  temperatures ,  was no t  f e a s i b l e .  
MN w e r e  a l s o  measured, though no t  i n  as much d e t a i l  as f o r  t h e  HN. The 
l a t te r  two materials evapora te  a t  much h ighe r  rates than  does HN; a l s o ,  
bo th  materials are less s e n s i t i v e  explos ives .  
Evaporation o r  mass l o s s  rates of HN, one 
The r e s u l t s  of t h i s  s tudy  i n d i c a t e d  t h a t  complete removal 
Mass l o s s  rates of H2N and of 
11 
Properties such as surface tension, viscosity, and density, although 
not of direct interest to the problem of explosive ignitions in the RCS 
engines, can indirectly affect residue removal or possibly even thfn- 
layer detonation. For this reason, the surface tension, viscosity, and 
density of aqueous solutions of HN and of hydrazine solutions of HN were 
measured and are reported here. 
Much emphasis has been placed on HN and its solutions, as is evident 
This is due to the fact that HN was among the first com- in this volume. 
pounds to be identified in the engine residues; ft fs found more often 
than are other compounds in engine residue8 from runs in which the fuel 
was either N2H4 or A-50 (the latter being used more often than the other 
fuels), also because it was found to be a more sensitive explosive. UN, 
on the other hand, was found to be Sensitive to heat and easily converted 
to ammonium nitrate; it was seldom found as a constituent of residues in 
engine and flow reactor tests. 
A final section in the section on HN deals with an investigation of 
the significance of cavitation on detonability of "/hydrazine solutions 
and with the initiation of detonation in thin films of this solution by 
gas detonation. 
HYDRAZINE NITRATE (HN) 
Hydrazine nitrate (HN) was first prepared in 1889 by Curtius and 
Jay (1).3 The B form is 
metast'able and, except for the melting point, little is known about it. 
The data presented in this volume concern only the a form. HN used in 
the Bureau studies was prepared according to a procedure recommended by 
the Thiokol Corporation (z), in the following manner: Commercial anhy- 
drous hydrazine was dissolved in methanol and cooled to -20' C. Concen- 
trated n i t r i c  acid, also a t  -ZOO C,was then added drop-wise to the 
hydrazine-methanol solution, while carefully maintaining the temperature 
below Oo C, until a pH of 5 . 5  was reached. 
cipitated during the addition process is filtered off, melted in boiling 
methanol, and recrystallized. This recrystallization is repeated twice 
more. Following filtration, the last trace of methanol is removed in 
vacuum and the purified salt is dried and stored in a desiccator over 
phosphorous pentoxide. Chemical analysis of the prepared crystals was 
done by the nitron-nitrate precipitation technique ( 3 ) .  This same tech- 
nique was used for analysis of all the other nitratesalts. 
HN exists in two crystalline forms, a and 13. 
The white crystalline HN pre- 
3Underlined numbers in parentheses refer to items in the list of refer- 
ences at the end of this report. 
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Crystalline Forms and Thetr Meltfng Points 
The stable, a crystalline form of HN, wtth a crystal density of 
1.661 grams/cm3, melts at approximately 70" C with no apparant decomposi- 
tion or sublimation. The metastable Q form melts at 62" C .  Robinson and 
McCrone (4) found that a melt of HN supercools readily and usually 
crystallizes as the metastable B form. Sommer (5) noted that HN exhibits 
monotropism, i.e., the B form always converts tothe 0: form with the evo- 
lution of heat. Using differential scanning calorimetric (DSC) techniques, 
the Bureau obtained a value of 2.0 Kcal/mole for the heat of conversion 
of the B t o  the a form. No additional thermal phase changes in the crys- 
talline structure of the a form were found from -70" C to the melting 
point. 
Infrared and X-ray Spectra 
The infrared absorption spectra of HN and of "/hydrazine (N2H4) 
solutions obtained by the Bureau are shown in figures 1 and 2, respec- 
tively. The x-ray diffraction spectrum obtained by the Bureau is shown 
in table 2, while that obtained by Robinson and McCrone (4) - is shown in 
table 3. 
TABLE 2. - X-ray diffraction spectrum for HN1 
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FIGURE 2 .  - I n f r a r e d  Spec t ra  of HN/N,H4 Solu t ions  fo r :  
(a) A Concentrated Solu t ion ;  and (b) A 
D i l u t e  Solu t ion .  
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TABLE 3. - X-ray d i f f r a c t i o n  spectrum f o r  HN1 
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'This d a t a  were obta ined  by Robinson and 
McCrone (4). 
The n i t r a t e  i o n  has  f o u r  fundamental modes of v i b r a t i o n ,  a l l  of which 
are observable  i n  t h e  i n f r a r e d ,  b u t  only two are normally s u f f i c i e n t l y  in-  
t e n s e  t o  be used f o r  i d e n t i f i c a t i o n  purposes.  
cm'l (7.2 u) and 800 cm- l  (12.5 u ) .  
These are t h e  two a t  1,390 
Mass Loss Rate of HN; D i s soc ia t ion  and Decomposition 
I o n i c  materials such as HN undergo two types of mass l o s s  phenomena. 
One is dissociation, i n  which HN molecules d i s s o c i a t e  i n t o  N2H4 and HN03 
vapor spec ie s  according t o  t h e  r e a c t i o n ,  
N2H4*HN03 ( 8 )  N2H4 ( 8 )  + HNO3 ( g ) .  11 
These vapor spec ie s  recombine, upon cool ing ,  i n  a process  of reverse 
subl imat ion  t o  form t h e  o r i g i n a l  s o l i d  HN. The o t h e r  process  of mass loss 
is  decomposition, i n  which t h e  HN molecule  breaks a p a r t ,  and is  supposedly 
r ep resen ted  by t h e  express ion ,  
N2H4oHN03 (s) -t N2 (g) + H20 (8) + NO(g) + . e . . .  [ 21 
The r e s u l t a n t  gaseous s p e c i e  do no t  recombine upon cool ing  t o  form 
t h e  o r i g i n a l  HN. 
Medard (6) determined t h e  weight  o r  mass l o s s  of anhydrous HN during 
i n t e r m i t t e n t  hea t ing  t o  110' C f o r  315 hours and found t h a t  i t  w a s  l i n e a r l y  
time-dependent and about  8 x weight percent  pe r  minute.  Kiss inger  (7) 
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used s tandard  vacuum s t a b i l i t y  techniques and d id  not  d e t e c t  any decom- 
p o s i t i o n  a t  140' C. Sabanejeff (8) found weight l o s s  rates of 0.003 and 
0.09 weight percent  per  minute a t  145" and 215' C ,  r e s p e c t i v e l y .  
Cook and Abegg (9J measured t h e  r a t e  of t h e  i so thermal  weight l o s s  
of HN i n  a qua r t z  s p r i n g  ba lance  f a c i l i t y ,  a t  va r ious  temperatures ,  and 
found t h a t  t h e i r  r e s u l t s  f i t t e d  a n  Arrhenius r e l a t i o n s h i p  as fo l lows:  
where 
38,000 - RT K(T) - 10 . e  12.2 
-1 K(T) - s p e c i f i c  r e a c t i o n  rate cons t an t ,  Sec. . [ 31 
The Bureau measured mass loss rates of HN i n  two types  of appara tus ,  
t h e  DSC and a qua r t z  s p r i n g  ba lance  i n  a con t ro l l ed  temperature  and pres-  
s u r e  environment. The s p r i n g  ba lance  is i l l u s t r a t e d  i n  f i g u r e  3. 
Small samples weighing approximately 20 mg and w i t h  a n  i n i t i a l  sur -  
f a c e  area of 0 .2  cm2 were examined a t  va r ious  temperatures ,  both below 
and above t h e  mel t ing  p o i n t  (70' C) i n  t h e  DSC, i n  which t h e  p re s su re  w a s  
atmospheric.  Experiments conducted a t  temperatures  below t h e  mel t ing  
p o i n t  showed no p e r c e p t i b l e  weight l o s s  over  a 48-hour per iod .  A t  tem-  
p e r a t u r e s  above mel t ing ,  weight l o s s  v a r i e d  l i n e a r l y  wi th  t i m e ;  a t  150' C 
i t  w a s  0.006 weight percent  p e r  minute,  a t  200" C i t  was 0.04 weight per- 
cen t  p e r  minute ,  and a t  250' C i t  w a s  approximately 3 weight percent  p e r  
minute. S ince  p r e c i s e  p re s su re  condi t ions  and exposed molten s u r f a c e  areas 
were n o t  known, comparison of r e s u l t s  of t h e  va r ious  s t u d i e s  w a s  p o i n t l e s s ;  
nonethe less ,  i n  gene ra l ,  r e s u l t s  are of t h e  same o r d e r  of magnitude and 
fo l low t h e  r i g h t  t r end  of inc reas ing  l o s s  rate wi th  i n c r e a s i n g  temperature .  
Somewhat more d e t a i l e d  experiments i n  which t h e  p re s su re ,  temperature ,  
. 
and t h e  apparent  s u r f a c e  area of t h e  sample were known, were made by t h e  
Bureau i n  t h e  qua r t z  s p r i n g  ba lance .  I n  order t o  s i m u l a t e  vapor i za t ion  
processes  as they occur i n  t h e  RCS engines  i n  a deep-space environment, 
most of t h e  experiments were conducted a t  p re s su res  lower than  1 m m  Hg. 
Typica l  r e s u l t s  of t h e s e  experiments a t  va r ious  condi t ions  are shown i n  
f i g u r e s  4 and 5. F igure  4 shows t y p i c a l  r e s u l t s  at atmospheric  p r e s s u r e  
and 226' and 228" C f o r  a 1-gram sample. The i n i t i a l l y  l a r g e  rate in- 
d i c a t e s  i n i t i a l  l o s s  of water o r  methanol a f t e r  which t h e  s l o p e  of t h e  
curve changes t o  t h a t  of t h e  HN mass l o s s  rate. F igure  5 shows t h e  mass 
l o s s  rate of HN a t  va r ious  temperatures  f o r  a n  average p r e s s u r e  of 300 t o  
500 u Hg. F igure  6 shows t h e  mass l o s s  r a t e  a t  an  average temperature  of 
230' t o  240" C f o r  va r ious  p re s su res ,  and i t  can be s e e n  t h a t  t h e  evapora- 
t i o n  procesg is sensitive t o  p re s su re .  Above 250' C,  t h e  thermal  process  
becomes uns t ab le  and t h e  HN decomposes exp los ive ly .  
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FIGURE 6. - HN Weight Loss R a t e  as a Function of Pressure  
i n  the Temperature Range 230° t o  240° C. 
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At temperatures below 150" C ,  samples boiled gently and the surface 
of the sample corresponded closely to the cross-sectional area of the 
quartz pan containing the molten HN; at higher temperatures, boiling was 
vigorous and the exposed sample surface became poorly defined. This 
resulted in considerable uncertainty in calculating mass loss rate per 
unit surface area; however, for calculation purposes, the apparent pan- 
surface area was used. 
engine walls, given the same conditions, these experimental results are 
satisfactory for evaluating the time needed to remove residue layers 
from the walls. 
Since the same phenomenon will occur on the 
It is assumed, for the purpose of the calculations, that water and 
unreacted fuel boil off first, leaving behind a layer rich in HN. 
Although the HN used in the Bureau experiments was purified and dried 
with considerable care, small amounts (<1 pct) of water and methanol 
could still be found and it is  believed that these more volatile materials 
contribute to the initially large mass loss rate often observed in these 
experiments. 
In both sets of experiments, the reversibly-sublimated or recombined 
vapor products of the evaporated HN deposited on cold areas inside the 
test apparatus., These deposits were collected and analyzed both qualita- 
tively and quantitatively, and were found to constitute over 99 pct of the 
original sample weight loss, and to be indeed HN. This was true even at 
the high temperature of 240" C .  
HN at temperatures up to 240' C and at pressures below atmospheric can 
be attributed entirely to dissociation processes. 
larly dissociates at low pressures, although at atmospheric pressure it 
decomposes. 
This indicates that the evaporation of 
Ammonium nitrate simi- 
Using the results from the latter experiments (spring balance), one 
can calculate the time necessary to evaporate a thin continuous layer of 
molten HN, 1 mil thick at 500 microns Hg pressure for various engine wall 
temperatures, and compare the resultant rate of removal with the rate of 
formation of HN in the engine to determine if thermal evaporation can 
eliminate the HN residue in the short periods between engine pulses. The 
calculated times needed for removal of HN by heating at different temper- 
atures are as follows. 
Temp er - Time for 
ature, complete 
" c  evaporation 
72 30 min 
135 3 min 
175 1 min 
240 10 sec 
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A t  lower p re s su res  which are found i n  a c t u a l  space  f l i g h t  t h e  t i m e  
r equ i r ed  w i l l  be  s h o r t e r ;  b u t  i t  is  suspected t h a t  even a t  very  low 
p res su re  t h e  needed t i m e  w i l l  be much too long f o r  a c t u a l  engine opera- 
t i o n .  
n i t i o n  per iod  a lone  these  engines produce HN a t  a rate of approximately 
10 mg per  p u l s e ,  o r  f o r  30 pu l ses  pe r  second, 300 mg pe r  second. These 
300 mg w i l l  form a l a y e r  0.85 m i l  t h i c k  on t h e  i n t e r n a l  s u r f a c e  of t h e  
engine of approximately 85 sq i n .  To remove t h e  HN a t  t h i s  correspond- 
ing  ra te  would r e q u i r e  temperatures  i n  excess  of 250" C,  which is unde- 
s i r a b l e  because of t h e  known explos ive  decomposition of HN a t  t h e s e  
temperatures .  Thus, t h e  thermal removal of HN r e s i d u e s  formed during 
p r e i g n i t i o n  by means of thermal evapora t ion  does no t  seem f e a s i b l e .  
problem is even more a c u t e  regard ing  r e s i d u e s  formed dur ing  postcombus- 
t i o n .  It is be l i eved  t h a t  because of t h e  l a r g e  void  volume of t h e  RCS 
engine f u e l  i n j e c t o r  manifold,  t h e  g r e a t e s t  p ropor t ion  of t h e  HN r e s i d u e  
is  formed dur ing  t h i s  postcombustion per iod .  This formation has  been 
observed i n  NASA photographic  f i l m  records  of tests i n  p l a s t i c  engines .  
Estimated amounts of r e s idues  t h a t  formed i n  t h e  engine dur ing  t h i s  
pe r iod  were of t h e  o rde r  of 10 grams pe r  second. 
The experiments r epor t ed  i n  volume I V  show t h a t  dur ing  t h e  pre ig-  
The 
I n  summary, i f  HN r e s idues  are t h e  major cause of exp los ive  i g n i t i o n s  
i n  t h e  engines ,  and i f  a d e s i r a b l e  s o l u t i o n  t o  t h i s  problem is  t h e  f a s t  
removal of t h e  r e s idues  from t h e  engine,  i t  would appear t h a t  thermal  
d i s s o c i a t i o n  w i l l  no t  c o n s t i t u t e  a s a t i s f a c t o r y  method. 
Phys ica l  P r o p e r t i e s  of Multicomponent Systems Containing HN 
Density of HN So lu t ions  wi th  N2H4 and wi th  Water 
The dens i ty  of HN/N2H4 and "/water s o l u t i o n s  a t  va r ious  temperatures  
and HN concent ra t ions  w a s  determined by t h e  Bureau as w e l l  as by o t h e r  
r e sea rche r s .  F igures  7 and 8 show t h e  r e s u l t s  ob ta ined  by t h e  Bureau. 
Regression analysis of t hese  data show t h a t  t h e  d e n s i t i e s  of t h e s e  so lu-  
t i o n s ,  ranging i n  concen t r a t ion  from 10 t o  75 weight pe rcen t  of HN and a t  
temperatures  ranging from 25' t o  100" C,  can be adequately descr ibed  by 
t h e  r e l a t i o n ,  
p = p o + a & + b N  1 / 2 ,  r41 
3 i n  which p and po are t h e  d e n s i t i e s  of t h e  s o l u t i o n  and s o l v e n t  i n  grams/cm , 
r e s p e c t i v e l y ,  a t  t h e  same temperature ,  i s  t h e  normali ty  of t h e  s o l u t i o n ,  
and a and b are r e g r e s s i o n  c o e f f i c i e n t s .  For t h e  "/hydrazine s o l u t i o n s ,  
a and b equal  0.027 and 0.032, r e s p e c t i v e l y ,  and 0.030 and 0.018, respec- 
t i v e l y  f o r  "/water s o l u t i o n s .  
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Vango and Krasinsky (10) measured t h e  dens i ty  of two "/hydrazine 
s o l u t i o n s  conta in ing  about 0.3 weight percent  a n i l i n e  as a f u n c t i o n  of 
temperature.  Of t h e  two s o l u t i o n s  t e s t e d ,  one contained 17.62 weight 
percent  and t h e  o t h e r  contained 29.97 weight percent  HN. F igure  7 in-  
c ludes a p l o t  of Vango and Krasinsky 's  (10) r e s u l t s ;  f o r  comparison, 
t h e  temperature  dependence of t h e  dens i ty  of pure  hydrazine taken from 
t h e  work of Clark  (11), and of water taken from Lange (12) is shown i n  
f i g u r e s  7 and 8, r e s p e c t i v e l y .  
V i scos i ty  of HN Solu t ions  wi th  N2H4 and wi th  Water 
The kinematic  v i s c o s i t y  of molten HN and of v a r i o u s  HN/NzH4 and 
"/water s o l u t i o n s  as a f u n c t i o n  of temperature  and HN concen t r a t ion  
w a s  measured w i t h  a Cannon-Fenske viscometer .  The r e s u l t s  are shown i n  
f igures  9 and 10.  The v i s c o s i t i e s  of hydrazine and water, i n  t h e  same 
temperature  range,  are included f o r  comparison. Regression a n a l y s i s  of 
t h e  v i s c o s i t y  d a t a  f o r  "/hydrazine s o l u t i o n s  gave t h e  r e l a t i o n ,  
i n  which v and vo are t h e  kinematic  v i s c o s i t i e s  i n  c e n t i s t o k e s  of t h e  
s o l u t i o n  and s o l v e n t ,  r e s p e c t i v e l y ,  a t  a b s o l u t e  temperature  T, i n  degrees  
Kelvin; E is t h e  s o l u t i o n  normali ty ,  and K is a r e g r e s s i o n  c o e f f i c i e n t  
equal  t o  24.59, i n  degrees Kelvin. I n  t h e  case of "/water s o l u t i o n s ,  
r e g r e s s i o n  a n a l y s i s  of t h e  da t a  y i e lded  t h e  express ion ,  
i n  which K is  1.25, i n  degrees  Kelvin.  For comparison, f i g u r e  9 shows 
a l s o  t h e  r e s u l t s  ob ta ined  by Vango and Krasinsky (10) f o r  two "/hydrazine 
s o l u t i o n s  us ing  a Cannon-Zhukov viscometer .  There is good agreement 
between the r e s u l t s  obtained by Vango and Krasinsky (10) and by the Bureau. 
Surface  Tension of HN So lu t ions  wi th  N2H4 and wi th  Water 
The Bureau a l s o  determined t h e  s u r f a c e  t e n s i o n  of va r ious  HN/N2H4 
and "/water s o l u t i o n s  a t  d i f f e r e n t  temperatures .  The bubble p r e s s u r e  
method desc r ibed  by P a r t i n g t o n  (13) w a s  used because s u r f a c e  contaminat ion 
e f f e c t s  are minimized by t h i s  method. F igure  11 shows t h e  experimental  
s e tup .  
s o l u t i o n s  a t  e l eva ted  temperatures  were measured; t h e  r e s u l t s  are shown 
i n  f i g u r e s  12  and 13. Regression a n a l y s i s  of t h e s e  d a t a  shows t h a t  t h e  
s u r f a c e  t ens ion  can be adequately descr ibed  by t h e  express ion ,  
The s u r f a c e  t e n s i o n  of molten HN and va r ious  HN/N2H4 and "/water 
i n  which y and yo are t h e  s u r f a c e  t ens ions  i n  dynes per  cent imeter  of t h e  
s o l u t i o n  and s o l v e n t ,  r e s p e c t i v e l y ,  a t  a b s o l u t e  Kelvin temperatures  T and 
To, r e s p e c t i v e l y ;  C is t h e  HN concen t r a t ion  i n  mole-percent, and K1 and K 2  
are r e g r e s s i o n  c o e f f i c i e n t s  ( i n  dynes p e r  cent imeter  p e r  OK). For 
"/hydrazine s o l u t i o n s ,  yo, To, K1, and K 2  equal  93.82, 213.58, 0.302, and 
0.243, r e s p e c t i v e l y ,  and f o r  "/water s o l u t i o n s ,  yo, To, K 1 ,  and K2 
equal  92.69, 229.45, 0.220, and 0.248, r e spec t ive ly .  
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FIGURE 9. - Kinematic Viscosity of "/Hydrazine Solutions at Various 
EN Concentrations as a Function of Temperature. 
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Vapor Pressure, Heat of Solution, and Liquidus Isotherms 
of HN/N2H4/H20 Solutions 
The vapor pressures of two "/hydrazine mixtures were determined by 
Vango and Krasinsky (10). Results are given in figure 14. Also shown, 
for comparison, are t z  vapor pressures of water and of hydrazine in the 
same temperature range. The heat of solution of HN in water/hydrazine 
systems for different compositions of the three components measured by 
Elverum and Cole (u) is shown in figure 15, while figure 16 gTves the 
liquidus isotherms for the ternary system HN/hydrazine/water. 
figure is from a report by Corcoran and coworkers (IS). 
The last 
Explosion Characteristics of HN and Its Solutions 
Since it has been established that HN constitutes a major portion 
of the solids in engine residue when the fuel was either N2H4 or Aerozine- 
50 (A-50) [a 50:50 mixture by weight of N2H4 and unsymmetrical dimethyl- 
hydrazine (UDMH)], it was deemed necessary to completely investigate and 
understand its explosive characteristics. The Bureau studied the explo- 
sive characteristics of solutions of HN and of crystalline and cast HN. 
For a detailed view of HN as an explosive, a review of the available lit- 
erature, in conjunction with Bureau results, is presented in this section. 
There are numerous methods by which explosive materials are evaluated, 
with regard to their explosive potential, and compared. Some of the meth- 
ods are simple, and even crude, while others are sophisticated. These 
methods include, among others, autoignition, ignition by external initi- 
ators, impact sensitivity, and detonation. 
Each of the methods has its merits and drawbacks; the methods are not 
reviewed here, only the results are given. Of necessity then, there may 
appear to be a lack of connection between the various sections. 
Thermal Stability of HN 
The thermal stability of HN under atmospheric conditions has been 
studied by numerous investigators, and there seems to be general agreement 
regarding the fact that the pure material decomposes explosively at about 
300' C. 
"Bruceton up-andTown" method (17), - which gave a reproducible 50-pct prob- 
ability of ignition at 307" C. 
Rosen (16) measured the ignition temperature of HN using the 
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Bureau experiments w i th  molten HN f o r  s tudying  t h e  i n i t i a t i o n  of de t -  
ona t ions  i n  unconfined t h i n  f i l m s  (r0.25 cm th ick]  by means of e l e c t r i c a l l y  
hea ted  Nichrome4 w i r e  and by open f lame),  i n d i c a t e  t h a t  t h e  f i l m s  suppor t  
combustion when i g n i t e d  b u t  do not  de tona te .  
t inguished  upon removal of t h e  i g n i t i o n  source.  These r e s u l t s  ag ree  w i t h  
those  of Sh id lovsk i i  and coworkers (18); they were not  a b l e  t o  i n i t i a t e  
de tona t ion  of HN, contained i n  g l a s s  tubes of small d iameters ,  us ing  elec- 
t r i c a l l y  hea ted  w i r e .  
d i t i o n  of about 10 weight percent  of potassium dichromate t o  t h e  HN w a s  
necessary.  Levy and coworkers (19) found t h a t  a tamped s t r a n d  of HN, con- 
t a i n i n g  2 p c t  by weight of magnesium oxide burned i n  a i r  a t  1 atm, b u t  a 
similar s t r a n d  of pure  HN d i d  not  burn.  
need f o r  a s t r o n g  o x i d i z e r ,  a l b e i t  i n  s m a l l  q u a n t i t i e s ,  f o r  s t a b l e  
combus t i o n .  
Furthermore,  t h e  flame ex- 
To achieve  s t a b l e  burning,  they found t h a t  t h e  ad- 
These experiments i n d i c a t e  t h e  
Detonation Veloc i ty  of HN 
The r e s i d u e s  found i n  t h e  a t t i t u d e  c o n t r o l  engines  coa t  t h e  i n s i d e  
w a l l s  of t h e  engines  as t h i n  f i lms .  Thin f i l m s  can be i n i t i a t e d  t o  deto- 
n a t e  a t  e i t h e r  h igh  o r  low v e l o c i t i e s .  The v e l o c i t y  of de tona t ion  is  one 
i n d i c a t o r  of t h e  d e s t r u c t i v e  f o r c e  of t h e  de tona t ion .  
The v e l o c i t y  of de tona t ion  of explos ives  can be measured by va r ious  
techniques inc luding  t h i n  f i lms .  Resul t s  ob ta ined  by t h e s e  techniques 
are then  compared and, i n  gene ra l ,  should agree .  A review of t h e  l i t e r -  
a t u r e  revea led  t h a t  t h e  de tona t ion  v e l o c i t y  of HN was determined by a few 
res ear chers  . 
P r i c e  and coworkers (20) found a de tona t ion  v e l o c i t y  of 8,510 m/sec 
f o r  HN at  a d e n s i t y  of 1.59 grams/cm3 f o r  a 6.3-a-diam charge of pressed  
HN. Medard (9, using a 3-cm-diam by 170-cm-longY pressed  HN charge,  
found t h a t  t h e  maximum de tona t ion  v e l o c i t y  occurred a t  a d e n s i t y  of 1 .3  
grams/cm3. Moreover, Clairmont,  J a f f e  and P r i c e  (21) e s t a b l i s h e d  t h a t  
such m a x i m a  are l i k e l y  t o  occur f o r  explos ives  f o r  which t h e  c r i t i ca l  
d iameters5  i n c r e a s e  wi th  dens i ty .  I n  f a c t ,  t h e  de tona t ion  v e l o c i t y  is 
no t  uniquely def ined  by dens i ty  and diameter ;  t h e  same v e l o c i t y  can b e  
exh ib i t ed  a t  two dens i ty  va lues .  Also of i n t e r e s t  is t h e  f a c t  t h a t  as 
t h e  c r i t i ca l  d e n s i t y  is j u s t  exceeded f o r  each diameter ,  t h e  shock-induced 
r e a c t i o n  f a i l s  b u t  neve r the l e s s  p e r s i s t s  and propagates  as f a r  as t h r e e  
o r  more diameters .  The r e s u l t s  of t h e s e  i n v e s t i g a t i o n s  are shown i n  
f i g u r e  17. 
t h i s  group of explos ives  f o r  which t h e  c r i t i ca l  diameter  i nc reases  wi th  
i n c r e a s i n g  packing dens i ty .  
From t h e s e  r e s u l t s  i t  w a s  concluded t h a t  HN does belong t o  
The de tona t ion  v e l o c i t y  of t h i n  films of molten HN a t  75" C w a s  meas- 
ured a t  t h e  Bureau t o  be 8,500 m/sec. 
'Reference t o  s p e c i f i c  brands,  equipment, o r  t r a d e  names i n  t h i s  r e p o r t  is 
made t o  f a c i l i t a t e  understanding and does not  imply endorsement by t h e  
Bureau of Mines. 
of a s t a b l e  detOnat ion is poss ib l e .  
5The c r i t i c a l  diameter is t h e  m i n i m u m  charge diameter  a t  which propagat ion  
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Impact S e n s i t i v i t y  of HN 
Impact s e n s i t i v i t y  tests conducted a t  t h e  Bureau, using t h e  "Bruceton 
up-and-down" method 0, gave values--for 50-pct p r o b a b i l i t y  f o r  ign i t ion- -  
of 175 Kg-an f o r  t h e  cup and plunger  test and 50 Kg-cm f o r  t h e  ERL type  1 2  
t o o l  test (22) .6 I n  similar experiments ,  Smith and Walton (23) r epor t ed  a 
va lue  of 32 Kg-an f o r  a 50-pct p r o b a b i l i t y  of i g n i t i o n  f o r  t h e  ERL type  1 2  
t o o l .  Medard (9 obta ined  values of 200 t o  250 Kg-cm, by dropping a 1 Kg 
weight from h e i g h t s  of 2 t o  2.5 meters. The la t ter  h e i g h t  gave 50-pct 
p r o b a b i l i t y .  Seamans and Dawson 0, us ing  a c a r e f u l l y  designed cup and 
puncture  of a r e t a i n i n g  steel  diaphragm as evidence of combustion and hence 
as a s i g n  of a p o s i t i v e  tes t ,  have obta ined  a 50-pct v a l u e  of 20.3 Kg-an. 
The impact s e n s i t i v i t y  va lues  quoted he re  do not  ag ree  a t  a l l  and va ry  
from 20 t o  250 Kg-cm. The p u r i t y  of t h e  HN used i n  t h e  tests is of extreme 
importance. Small traces of water, n i t r i c  a c i d ,  and/or  o t h e r  i m p u r i t i e s  
a f f e c t  t h e  r e s u l t s .  The packing dens i ty  of t h e  sample is a l s o  i n f l u e n t i a l .  
Therefore ,  t h e s e  r e s u l t s  are no t  t o  be compared o r  eva lua ted  i n  a c r i t i ca l  
&mer . 
F a s t  Chemical React ions of HN 
Even i f  t h e  r e s idues  accumulating i n  t h e  engine are n o t  exp los ives ,  
i t  is p o s s i b l e  t h a t  they may react explos ive ly  with e i t h e r  p r o p e l l a n t  ( f u e l  
o r  ox idant )  when t h e  l a t te r  are i n j e c t e d  i n t o  t h e  engine combustion chamber; 
t h i s  p o s s i b i l i t y  w a s  eva lua ted .  
S tud ie s  of t h e  r e a c t i o n  of HN w i t h  va r ious  hype rgo l i c  p r o p e l l a n t s ,  by 
t h e  Bureau, showed t h a t  c r y s t a l l i n e  HN and l i q u i d  NTO react v igorous ly  on 
con tac t .  Moreover, a DSC s tudy  of a f rozen  mixture  conta in ing  equal  propor- 
t i o n s  by volume of HN and NTO, i n i t i a l l y  a t  -100' C, showed t h a t  such m i x -  
t u r e s  react exothermical ly  when t h e  temperature  reaches  -60' C. This  is a 
s i g n i f i c a n t l y  lower temperature  than  t h e  mel t ing  p o i n t  of NTO (-11.2' C) , 
and i n d i c a t e s  a r e a c t i o n  between t h e  two s o l i d s .  
Addi t iona l  experiments were conducted t o  determine i f  t h e  f a s t  reac- 
t i o n  between HN and NTO is  capable  of i n i t i a t i n g  a de tona t ion  i n  t h e  HN. 
I n  t h i s  s tudy ,  l i q u i d  NTO w a s  f o r c i b l y  i n j e c t e d  under t h e  s u r f a c e  of 
200 cm3 of molten HN contained i n  g l a s s  vessels; s i m i l a r  experiments were 
performed wi th  "/hydrazine and HN/A-50 s o l u t i o n s .  Although cons ide rab le  
r e a c t i o n  was  ev iden t ,  none of t h e  r e a c t i o n s  approached a n  explos ion .  
Extensive materials compa t ib i l i t y  s t u d i e s  have been conducted wi th  HN 
by many i n v e s t i g a t o r s .  Medard (9 found t h a t  weakly n i t r a t e d  explos ives  
could be apprec iab ly  s e n s i t i z e d  by a s m a l l  amount of HN. This f a c t  is  of 
importance when t h e  f u e l  used is e i t h e r  UDMH o r  A-50. I n  t h e  i n f r a r e d  and 
bThese are s tandard  tests f o r  measuring t h e  impact s e n s i t i v i t y  of explo- 
sives and are descr ibed  i n  r e l a t e d  l i t e r a t u r e .  
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mass spectroscopy s t u d i e s  of 
engine and gas  flow r e a c t o r ,  
t h e  products  of r e a c t i o n s  i n  t h e  Bureau's 2-D 
t h e r e  w a s  evidence t o  i n d i c a t e  t h e  presence,  
i n  small q u a n t i t i e s ,  of n i t r a t e d  compounds, which were n o t  f u r t h e r  i d e n t i -  
f i e d .  They may be  s e n s i t i z e d  by t h e  HN p re sen t  and become p o t e n t i a l  haz- 
ards .  
i f  s m a l l  c o b a l t  cubes were dropped i n t o  molten HN, and 20 p c t  of t h e  t i m e  
i f  n i c k e l  ch ips  w e r e  used. S imi l a r  experiments done by t h e  Bureau wi th  
heated molybdenum chips  and molten HN showed no evidence of a r e a c t i o n .  
Hodgkinson a t t r i b u t e d  t h e  r e a c t i o n  t o  t h e  formation of a small amount of 
metal a z i d e ,  formed on t h e  metal cubes,  which explos ive ly  decomposes and 
de tona tes  t h e  remaining HN. 
Hodgkinson (25) repor ted  t h a t  de tona t ion  occurred 40 p c t  of t h e  t i m e  
Explosion Charac t e r i s  t i cs  of Sys tems Containing HN 
Thin Film Detonation Veloc i ty  
Detonation v e l o c i t y  and c r i t i ca l  f i l m  th ickness  were determined by 
measuring t h e  v e l o c i t y  of a de tona t ion  as i t  t r a v e l e d  through a wedge of 
t h e  s o l u t i o n  and by observing t h e  f i l m  th ickness  a t  which t h e  de tona t ion  
w a s  ex t inguished .  A complete d e s c r i p t i o n  of t h e  experimental  appara tus ,  
as w e l l  as of t h e  technique and t e s t i n g  procedures ,  is g iven  i n  a r e p o r t  
by Ribovich (26). Presented h e r e  ( f i g .  18) is  only a photograph of t h e  
appara tus  f o r  ease of understanding.  The r e s u l t s  of t h e s e  experiments 
showed t h e  occurrence of both a h igh  and a low v e l o c i t y  de tona t ion .  
high v e l o c i t y  de tona t ion  (7,600 t o  8,500 m/sec) s t a r t e d  near  t h e  i n i t i -  
a t i n g  explos ive ,  i n  t h e  t h i c k  p o r t i o n  of t h e  f i l m ,  and converted t o  a 
low v e l o c i t y  de tona t ion  (1,400 t o  2,400 m/sec) when t h e  f i l m  reached a 
c r i t i ca l  th i ckness  f o r  t h e  h igh  v e l o c i t y  de tona t ion .  Table 4 summarizes 
t h e s e  r e s u l t s .  The t h e o r e t i c a l  Chapman-Jouguet shock v e l o c i t i e s  of 
HN/N*H4 mixtures  were computed wi th  t h e  TIGER computer program (27); t h e s e  
r e s u l t s  are g iven  i n  t a b l e  5 .  Resu l t s  of t h e  computed va lues  are i n  good 
agreement wi th  t h e  experimental  va lues  of t h e  high v e l o c i t y  de tona t ion .  
Figure 19 shows a r e p r e s e n t a t i v e  p re s su re  trace obtained i n  t h e s e  
experiments.  
The 
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FIGURE 18. - Thin-Film Detonation Apparatus. 
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HN concen t r a t ion , lF ina l  
weight-percent 
TABLE 4. - Detonat ion v e l o c i t i e s  and c r i t i c a l  film th i cknesses  (CFT) 
of both low- and high-veloci ty  de tona t ions  of molten HN, 
p r e s su re ,  F i n a l  temperature ,  Chapman-Jouguet 
a t m  (x105) O K  shock v e l o c i t y ,  
m/sec 
HN-water ,  and "-hydrazine s o l u t i o n s  a t  75" C 
H N . . . . . . . . .  
"/water.. . 
HN/N2H4.. . . 
100 
85 
I 75 
65 
80 
60 
40 
20 
I 
D e  tona t  i o n  v e l o c i t y  
High I Low 
1,400 
7,600 I 2,400 
Not observed 2,100 
8,600 I 1,800 
8,200 Not ob 
No propa a t i o n  
a + T ,  
cm 
l<0.025 - 
< .025 
.330 
- 
<.025 
2;ed 
.076 
I I I 7,800 I .254 1 2,200 No propagat ion I 
l 0 .025  cm r e p r e s e n t s  t h e  l i m i t  of r e s o l u t i o n  of t h e  appara tus .  
TABLE 5. - Calcula ted  cons tan t  volume explos ion  c h a r a c t e r i s t i c s  
of condensed phase HN/N?Hh mixtures  
( i n i t i a l  p ressure :  1 atm)l 
0 
10 
20 
30 
40 
50 
60 
75 
100 
I 1.61 
1.76 
1.90 
2.04 
2.19 
2.35 
2.53 
2.86 
1.33 
1,075 
1,174 
1,283 
1,405 
1,540 
1,685 
1,847 
2.102 
3,137 
8,207 
8,352 
8,475 
8,576 
8,669 
8,763 
8,852 
9,040 
6,871 
I 1 1. 
I T I G E R  code computer program (27). 
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The range of detonable composition of the ternary system, "/hydrazine/ 
water, measured by Dwiggins and Larrick (28) is presented i.n figure 20. 
Their test-container consisted of a 7.5-cm-long by 2.5-cm-dfam brass pipe, 
sealed at one end with a copper fotl. A 50-gram tetryl pellet was used to 
initiate detonation. It is surprising, though, that brass and copper were 
used in the test equipment since N2H4 is  known to be affected by copper. 
Small traces of copper ions exert a strong catalytic effect upon the oxi- 
dation of hydrazine by copper. Copper metal also increases the reaction 
rate of hydrazine with oxygen when present even in low concentrations of 
0.5 ppm (3). 
Since N2H4 is a strongly basic solvent and a good proton acceptor, it 
is to be expected that compounds containing active hydrogen will act as 
acids therein and be converted into corresponding hydrazine salts. 
tions of hydrazine sulfate in anhydrous N2H4 dissolve such metals as copper 
and aluminum (30). 
act similarly g t h  copper. Dwiggins and Larrick (28). have studied the com- 
patibility of their test solutions with such materzls as polyethylene, 
polystyrene, teflon, nylon, tantalum, titanium, and aluminum, but not with 
copper. The detonable thin-film binary HN solutions measured by the Bureau 
agree with the detonable region of the ternary triangle of figure 20. 
Dwiggins and Larrick (28) showed that HN/N2H4 solutions containing less 
than 25 pct by weight E, "/water solutiohs containing less than 70 pct by 
weight HN, and ternary HN/N2H4/water solutions containing more 'than 55 pct 
by weight of water were not detonable under their experimental conditions. 
Subsequent Bureau studies showed that the boundary of the detonable region 
depended strongly on the size of the initiating explosive. 
Solu- 
It is very likely that solutions of HN in N2Hq will 
Although the residues found in the engines contained very small 
amounts of KN in a water solution, HN is highly deliquescent, and may have 
accumulated large amounts of w a t e r  both before sampling and between sampling 
and analysis. Also, the residue, in a period of many pulses,may become more 
concentrated with salts and other reaction products. 
e 
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~ Detonation of Thin-layer Wall Deposits of HN and HN So lu t ions  
V i a  Gas-Phase Detonation 
Detonat ion I n i t i a t i o n  by Ethylene/Oxygen Detonat ion ~ 
It has  heen e s t a b l i s h e d  t h a t  engine r e s idues  con ta in  HN; i t  has  a l s o  
been shown tnat HN s o l u t i o n s  of c e r t a i n  concent ra t ions  w i l l  suppor t  detona- 
t i o n ,  when su i t i l b ly  i n i t i a t e d .  Although these  concent ra t ions  are usua l ly  
h igher  than  t h e  concent ra t ions  of HN normally found i n  engine r e s i d u e s ,  i t  
is  be l ieved  t h a t  t h e  lower concent ra t ions  found i n  engine r e s i d u e s  r e s u l t  
by water adso rp t ion  on exposure t o  a i r .  Based on t h e s e  obse rva t ions ,  i t  
w a s  a l s o  assumed t h a t  t h e  engine r e s idues  not  exposed t o  t h e  atmosphere 
con ta in  h ighe r  concent ra t ions  of HN, and i f  i n i t i a t e d ,  w i l l  suppor t  detona- 
t i o n .  Sources of i n i t i a t i o n s  were considered and i n v e s t i g a t e d .  One of t h e  
considered mechanisms concerned t h e  p o s s i b i l i t y  t h a t  a gas o r  heterogeneous 
phase de tona t ion  i n  t h e  engine i n t e r i o r  might i n i t i a t e  de tona t ion  of t h e  
w a l l  depos i t s .  The heterogeneous p r o p e l l a n t  mixture  found i n  t h e  engine 
has been s t u d i e d  i n  g r e a t  d e t a i l  by many i n v e s t i g a t o r s  and need not  be d i s -  
cussed here .  The b ib l iography (volume I) conta ins  many r e fe rences  on t h i s  
s u b j e c t .  This heterogeneous mixture  of l i q u i d  p r o p e l l a n t  drops w i t h i n  t h e  ' 
p r o p e l l a n t  vapor can be  hype rgo l i c  under t h e  proper  condi t ions .  I n  t h e  
a c t u a l  engine,  i f  a heterogeneous de tona t ion  were t o  occur and, i n  t u r n ,  
were t o  i n i t i a t e  t h e  de tona t ion  of w a l l  f i l m s ,  t h e s e  two processes  could 
not  be d i f f e r e n t i a t e d  from t h e  r e s u l t i n g  damage. 
I 
To determine t h e  f e a s i b i l i t y  of t h i s  p a r t i c u l a r  mechanism, w e  con- 
ducted a number of experiments i n  which HN w a s  sub jec t ed  t o  a gas-phase 
de tona t ion  of a s t o i c h i o m e t r i c  C2H4/O2 mixture .  As is shown i n  subsequent 
s e c t i o n s  of t h i s  r e p o r t ,  t h i s  gas de tona t ion  a lone  does n o t  des t roy  o r  
o therwise  damage t h e  engine under t h e  condi t ions  c i t e d .  
I n  these experiments,  t h e  g ranu la r  o r  molten HN sample w a s  placed i n  
t h e  bottom of t h e  test  vessel ( f i g .  21) ,  a de tonable  gas m i x t u r e  (e thylene  
25 p c t ,  oxygen 75 p c t )  w a s  added, and de tona t ion  w a s  i n i t i a t e d  i n  t h e  gas  
mixture  wi th  a n  exploding w i r e .  The motion of t h e  de tona t ion  through t h e  
gas  and t h e  r e a c t i o n  f r o n t  through t h e  HN w a s  measured wi th  a continuous 
w i r e  probe (31). The p res su re  developed a t  t h e  i n t e r f a c e  between t h e  HN 
charge and t h e  gas mixture  w a s  measured wi th  a res is t ive p res su re  t r ans -  
ducer  (32). Temporal c o r r e l a t i o n  of t h e  p re s su re  and de tona t ion  p o s i t i o n  
w a s  provided by s imultaneously d i sp lay ing  t h e  two records  on a s i n g l e  beam 
osc i l l o scope  wi th  a dua l  channel plug-in u n i t  having a 1 M c  chopping rate.  
Associated ins t rumenta t ion  and r e l a t e d  c i r c u i t r y  are shown i n  f i g u r e  22. 
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FIGURE 21. - Test Vessel fo r  Studying Initiation of Detonation 
in Condensed Explosives by Gas-Phase Detonation. 
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The experiments were conducted with both granular and cast HN having 
By varying the initial densities of 0.7 and 1.6 grams/cm3, respectively. 
pressure of the gas mixture from 16.3 to 100 atrn, it was possible to ob- 
tain incident shock pressures at the surface of the HN sample ranging 
from 475 to 4,300 atm. 
(1) A large increase in the pressure at the surface of the HN charge 
following shock reflection, and (2) the propagation of a fast high pres- 
sure reaction front through the sample, as recorded by the continuous 
wire probe. Figure 23 shows typical pressure and displacement records 
obtained for granular HN and NaCl (a nonreactive material) samples. The 
pressure recorded for the HN sample is typical of reactive (explosive) 
materials. It shows the arrival of the incident gas detonation shock of 
2,380 atm at the surface of the HN sample at 40 psec following explosion 
of the wire. This is the time it takes the gas detonation to travel from 
the exploding wire to the HN surface. This shock is followed by a slight 
pressure decay and then an abrupt pressure rise at 50 vsec to a value in 
excess of 6,800 atm as a result of an exothermic chemical reaction in the 
HN. The record for the NaCl sample, with the same crystal size and bulk 
density as the HN sample, shows about the same incident shock (1,900 atm) 
followed by a rapid decay with no subsequent recovery and, therefore, no 
chemical reaction. 
sample show a continuous transition from the gas detonation traveling at 
2.2 mm/psec to the HN sample traveling at about the same initial velocity. 
On the other hand, the NaCl displacement record shows the transmission of 
a decaying front velocity in the NaCl corresponding to an attenuated shock 
wave. 
granular HN as a function of the initial ethylene/oxygen mixture pressure 
and as a function of the theoretical gas detonation shock pressure. 
though not evident from figure 23, the displacement traces in the HN sample 
usually show a slight reaction front acceleration. 
sample length of 2.5 cm, this velocity does not reach the maximum value; 
but it is assumed that this front will accelerate until the velocity 
reaches the stable Chapman-Jouguet value of about 3.5 mm/psec (E). The 
ratio of the maximum explosion pressure to the incident shock pressure 
varies from 2.8 to 1.3 at the lowest C2H4/02 initial pressure of 16 atm. 
Reaction in the HN sample was evidenced by: 
The reaction front displacement records for the HN 
Figure 24 shows a plot of the initial reaction front velocity in 
Al- 
Because of the limited 
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FIGURE 23. - Surface Pressure and Continuous Probe Records 
f o r  Granular HN and NaCl Samples. 
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100 
Damage t o  r e a c t i o n  vessels i s  a l s o  used as a semiquan t i t a t ive  measure 
of explos ive  s t r e n g t h .  F igure  25 shows vessel fragments from HN and N a C l  
runs.  The r e s u l t s  s h o w  i n  t a b l e  6 f o r  g ranu la r  HN and t h e  e x t e n t  of 
damage t o  t h e  vessel depic ted  i n  f i g u r e  2 5 ,  both  i n d i c a t e  t h a t  t h e  HN 
undergoes a n  explos ive  r e a c t i o n  when sub jec t ed  t o  shock p res su res  equal  
t o  o r  g r e a t e r  than 520 atm ( t h e  lowest  i n c i d e n t  shock p res su re  inves t f -  
ga ted  i n  these  t r ia ls) ,  and t h a t  t h e  rate of t h e  r e a c t i o n  f r o n t  and t h e  
maximum pres su re  developed a t  t h e  HN s u r f a c e ,  as a r e s u l t  of chemical re- 
a c t i o n  i n  t h e  HN, decreases  wi th  decreas ing  shock p res su re .  
5,240 ( 3 , 9 5 0 )  5 2  Nor 
TABLE 6 .  - React ion p res su res  and propagat ion v e l o c i t i e s  i n  g ranu la r  HN 
i n i t i a t e d  by a n  C7Hlr/07 gas de tona t ion  
I n i t i a l  
p ressure  
a t m  
10 0 
6 8  
5 1  
3 4  
16 
16 
10 
1 
Gas 
Detonation 
a t m l  
shock p r e s s u r e ,  
4 ,350  ( 3 , 9 5 0 )  
3,130 ( 2 , 6 5 0 )  
2 ,380 ( 1 , 9 7 0 )  
1 ,430  ( 1 , 2 9 0 )  
420 ( 6 0 0 )  
520 (600) 
- 
- 
i x t u r e  
Pressure  
r a t i o 1  
44 ( 3 9 . 3 )  
46 
47 
42  
26 
32 
- ( 3 6 . 4 )  
- ( 3 3 . 5 )  
Maximum 
pres su re ,  
a t m  
12 ,240  
8 ,160  
5 ,510  
2 ,710  
5 40 
6 80 
HN react 
Veloc i ty ,  
mmlvsec 
2.7 
2.6 
2 . 1  
1.8 
1 . 6  
1 .9  
on 
Max. explos ion  
p r e s s u r e  t o  
i n c i d e n t  shock 
p r e s s u r e  r a t i o  
2.8  
2.6 
2.3 
1 . 9  
1 . 3  
1.3 
ion  
eac t ive  defaying 
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These results show that a gas detonation can initiate an explosion 
in cast or granular HN deposits. The normal initial pressure of gaseous 
propellants in the engine at the time of engine ignition is of the order 
of 1 atm. 
of this volume, an initial gas pressure of 1 atm was used. 
In subsequent similar tests described in the following section 
Shock Sensitivity of Cavitated HN Solutions 
In addition to the possibility of a gas-phase detonation initiating 
an explosive reaction in thin films of HN, either crystalline or molten, 
it has also been suggested that the shock sensitivity of cavitated HN 
solutions is considerably higher than those of uncavitated systems. Pho- 
tographs of plastic engines show considerable wall film cavitation during 
engine operation. 
cavitation is believed to be responsible for the very low shock sensitiv- 
ity of nitroglycerin (34) and of other condensed phase explosives. The 
apparatus used in this investigation is shown in figure 26, A gas-phase 
detonation propagating in a stoichiometric CZH4/O2 mixture (25 pct C2H4/75 
pct 0 ) impacts a cavitated HN/N2H4 solution. 
small bubbles whose growth followed the same frequency as the applied radi- 
ation, and by lowering the gas pressure above the HN solution sufficiently 
to induce boiling. The latter procedure appeared to be more representative 
of the processes occurring in the rocket engine and, consequently, it was 
the technique used in the majority of these experiments. 
This theory primarily originates from the fact that 
Cavities are formed in the 
liqui i by two processes; by ultrasonic radiation which produced relatively 
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Apparatus t o  Study the Gas Shock I n i t i a t i o n  of Detonation 
in Cavitated €IN/N*Q Solutions.  
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The HN s o l u t i o n  w a s  s epa ra t ed  from t h e  C2H4/02 mixture  by a t h i n  a lu-  
minum diaphragm ( f i g .  26).  
s o l u t i o n  and f a c i l i t a t e d  lowering t h e  p re s su re  over  t h e  sample wi thout  
a f f e c t i n g  t h e  C2H4/O2 i n i t i a l  mix ture  p re s su re  of 1 atm. 
t o r  t h e  response of t h e  HN/N2H4 sample t o  t h e  gas-phase de tona t ion  shock, 
an explos ion  gage (32) embedded i n  t h e  aluminum u l t r a s o n i c  t ransformer  and 
loca ted  immediately below t h e  c e n t e r  of t h e  sample w a s  used t o  record  t h e  
shock p res su res  t r ansmi t t ed  through t h e  sample. An o s c i l l o s c o p e  recorded 
t h e  response of t h e  explos ion  gage. I f  t h e  HN sample is  no t  i n i t i a t e d  t o  
an  explos ive  r e a c t i o n ,  t h e  appara tus  i s  undamaged and t h e  osc i l l o scope  
records  a p res su re  p u l s e  (shock) of s m a l l  magnitude. However, when explo- 
s i o n  does occur ,  t h e  u l t r a s o n i c  t ransducer  is damaged beyond r e p a i r  and 
t h e  lower p o r t i o n  of t h e  appara tus  is completely destroyed and t h e  o s c i l -  
loscope trace goes o f f  scale because t h e  gage is  destroyed.  
w e r e  performed wi th  both c a v i t a t e d  and uncavi ta ted  s o l u t i o n s ,  and t h e  re- 
s u l t s  of t h e s e  experiments showed t h a t  both t h e  c a v i t a t e d  a n d m n c a v i t a t e d  
HN/N2H4 s o l u t i o n s  conta in ing  more than  75 p c t  by weight  of HN exploded con- 
s i s t e n t l y  when impacted w i t h  t h e  C2H4/02 de tona t ion .  
t y p i c a l  explos ion  gage p res su re  record .  The f i r s t  p r e s s u r e  peak i n  t h i s  
record ,  occu r r ing  a t  0.42 msec, w a s  shown t o  b e  t h e  shock t r ansmi t t ed  i n t o  
t h e  sample from t h e  C2H4/O2 de tona t ion .  The second rise i n  t h e  p r e s s u r e  
trace, which t akes  i t  o f f  scale,  is due t o  t h e  exp los ive  r e a c t i o n  of t h e  
HN/N2H4 s o l u t i o n .  That t h e  f i r s t  peak corresponds t o  t h e  shock from t h e  
gas-phase de tona t ion  can be shown by a similar experiment w i th  an  i n e r t  
material l i k e  water; t h i s  same peak occurs  wi th  t h e  i n e r t  material. The 
t i m e  de lay  between t h e  passage of t h e  shock from t h e  gas de tona t ion  and 
t h e  o f f - s c a l e  p r e s s u r e  r ise  due t o  t h e  exp los ive  r e a c t i o n  of t h e  HN/N2H4 
s o l u t i o n  w a s  unexpectedly l a r g e  ( ~ 4 . 2  msec) . It r a i s e d  t h e  ques t ion  
whether t h e  shock from t h e  gas de tona t ion  w a s  r e s p o n s i b l e  f o r  t h e  i n i t i a -  
t i o n  of t h e  explos ion  i n  t h e  s o l u t i o n .  This de lay  can be  most r e a d i l y  
expla ined  i f  one assumes cha t  t h e  exp los ive  r e a c t i o n  i s  i n i t i a t e d  the r -  
mally by t h e  presence  of t h e  h o t  C2H4/O2 de tona t ion  products  r a t h e r  than  
by t h e  gas  de tona t ion  shock. The shock p res su re  r a t i o  associated w i t h  a 
s t o i c h i o m e t r i c  C2H4/O2 de tona t ion  f o r  an  i n i t i a l  p r e s s u r e  of 1 am i s  ap- 
proximately 34 ( t a b l e  6 ) .  
ona t ion  p res su re  r a t i o  c a l c u l a t e d  f o r  a N2H4/NTO mixture  ( t a b l e  7 ) ,  which 
shows t h e  c a l c u l a t e d  de tona t ion  p res su re  r a t i o s  f o r  N2H4 mixtures  of var- 
ious  r a t i o s  a t  an i n i t i a l  p r e s s u r e  of 1 a t m .  Ca lcu la t ions  w e r e  based on 
t h e  NASA-Lewis computer program f o r  computation of Chapman-Jouguet deto- 
na t ions  (35). The r e s u l t s  of t h e s e  experiments demonstrate  t h a t  a l though 
t h e  shock from ai  C2H4/O2 de tona t ion ,  i n i t i a l l y  a t  1 atm, is appa ren t ly  
not  s u f f i c i e n t  t o  i n i t i a t e  de tona t ion  i n  HN/N2H4 s o l u t i o n s  con ta in ing  as 
much as 75 p c t  HN, t h e  h o t  products  from such a gas-phase de tona t ion  could 
do so. From t h e s e  r e s u l t s ,  w e  conclude t h a t  a thermal i n i t i a t i o n  of detona- 
t i o n  of a HN/N2H4 s o l u t i o n  on t h e  w a l l s  of t h e  engine by .an N2H4/NTO gas 
de tona t ion  is poss ib l e .  However, t h e  de tona t ion  p r e s s u r e  of t h e  N2H4/NTO, 
being twice as l a r g e ,  may i n i t i a t e  de tona t ion  of a HN/N2H4 s o l u t i o n  on t h e  
engine w a l l s .  
This prevented ox ida t ion  of t h e  N2H4 i n  t h e  
I n  o rde r  t o  moni- 
Experiments 
F igure  27 shows a 
This is approximately one-half t h e  average de t -  
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FIGURE 2 7 .  - Pressure Record of Cavitation Experiment. 
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P i ,  P f ,  'P i /Pf  
atm a t m  a t m  
1 33.5 33.5 
1 59.8 59.8 
1 61.5 61.5 
N2H4 N204 57.0 .75 1 59.0 59.0 
1 56.4 56.4 N2H4 N204 50.0 1 
4 
TABLE 7. - Calcula ted  de tona t ion  p res su re  r a t i o s  f o r  va r ious  
N2H4/NTO gas mixtures  a t  a n  i n i t i a l  p re s su re  
of 1 a t m l  
Tf ,  Detonation 
OK v e l o c i t y  , 
m/sec 
1,178 2,376 
3,574 2,690 
3,760 2,497 
3,629 2,323 
3,456 2,192 
Volume O/F 
Fuel  Oxidant percent, mole 
f u e l  r a t i o  
25 3 
N2H4 N2°4 80 0.25 
N2H4 N204 67.0 .5 
C2H4 02 I O I 25 
Gas-Thin Film Detonation T r a n s i t i o n  S tud ie s  
i': 
One f i n a l  series of Bureau experiments i n  t h i s  area w a s  made t o  de te r -  
mine i f  a gas-phase de tona t ion ,  moving through t h e  RCS engine from i n j e c t o r  
f a c e  t o  t h r o a t ,  f o r  example, could i n  any way consume i n  a n  explos ive  manner 
t h e  combustible (though not  n e c e s s a r i l y  detonable)  r e s i d u e  depos i ted  on t h e  
engine w a l l .  
N2H4 
Loison (36) w a s  t h e  f i r s t  t o  i n v e s t i g a t e  t h e  p o s s i b i l i t y  of a detona- 
t i o n  propagat ing down a p ipe  conta in ing  gaseous oxygen and coated wi th  a 
thin film of combustible substance. Using a 91-meter long pipe approxi- 
mately 0 .8  cm i n  diameter ,  he w a s  a b l e  t o  observe a s tab le  de tona t ion  trav- 
e l i n g  a t  - 1,100 m / s e c  u s ing  l u b r i c a t i n g  o i l  f o r  t h e  t h i n  f i l m .  Ragland, 
Dabora and Nichol l s  (37) , i n  similar experiments,  used diethylcyclohexane 
as t h e  f u e l  f i l m  i n  an  oxygen atmosphere; they measured de tona t ion  v e l o c i t i e s  
ranging from 970 t o  1,150 m/sec and p res su re  r a t i o s  ranging from 10.5 t o  17 ,  
r e s p e c t i v e l y .  High speed photographic  f i l m s  of t h e s e  l a t te r  s t u d i e s  showed 
t h a t  t h e  chemical r e a c t i o n  o r i g i n a t e d  a t  t h e  w a l l  and spread  i n  toward t h e  
center .  Both convex and concave r e a c t i o n  f r o n t s  w e r e  observed. 
I O 1 
Bureau experiments,  using t h e  appara tus  shown i n  f i g u r e  28, w e r e  per- 
formed t o  s tudy  t h e  i n i t i a t i o n  of de tona t ion  i n  a tube  coated on t h e  i n s i d e  
wi th  a HN/N2H4 s o l u t i o n  and f i l l e d  wi th  va r ious  gases  (a i r ,  oxygen, o r  n i t r o -  
gen).  To provide  a uniform w a l l  depos i t  of t h e  des i r ed  s o l u t i o n ,  t h e  tube  
was s lowly r o t a t e d  i n  a l a t h e  during t h e  course  of t h e  experiment.  Further-  
more, a 0.61-cm-diam aluminum rod ,  t h e  l eng th  of t h e  t es t  s e c t i o n ,  w a s  p laced  
i n  t h e  test s e c t i o n ;  i t  r o l l e d  on t h e  bottom as t h e  tube r o t a t e d  and a s s i s t e d  
i n  providing and a s su r ing  a uniform d i s t r i b u t i o n  of l i q u i d  on t h e  w a l l .  
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Although time did  no t  permi t  developing methods f o r  measuring t h e  f i l m  
th ickness ,  i t  w a s  es t imated ,  from t h e  t o t a l  amount of l i q u i d  used i n  t h e  
tes ts ,  t o  be about 0.06 t o  0.07 m t h i c k .  A de tona t ion  i n i t i a t e d  by an  
exploding w i r e  i n  t h e  lef t -hand compartment, using a s t o i c h i o m e t r i c  
C2H4/O2 mix ture  a t  an i n i t i a l  p re s su re  of 1 a t m ,  t r ansmi t t ed  a s t r o n g  shock 
i n t o  t h e  test s e c t i o n .  Water, n-decane, N 2 H 4 ,  and HN/N2H4 s o l u t i o n s  were 
used a t  v a r i o u s  times as t h e  t h i n  f i l m s .  The test  s e c t i o n  conta in ing  t h e  
l i q u i d  f i l m  w a s  f l u shed  p r i o f  t o  f i r i n g  wi th  e i t h e r  n i t r o g e n  o r  oxygen i n  
o rde r  t o  assess the  e f f e c t  of t h e  environmental  gas on t h e  r e s u l t a n t  com- 
bus t ion  process .  The progress  of t h e  shock through t h e  test chamber w a s  
recorded by means of a s t r e a k  camera. A t y p i c a l  s t r e a k  record  is shown 
i n  f i g u r e  29. Such records  as t h e s e  were used t o  determine t h e  v e l o c i t y  
of t h e  shock f r o n t  as a func t ion  of t h e  d i s t a n c e  of travel i n t o  t h e  t e s t  
chamber. The Mach’ number ( the  r a t i o  of t h e  v e l o c i t y  of t h e  shock f r o n t  t o  
t h e  sound v e l o c i t y  i n  t h e  r e a c t a n t  mix ture  ahead of t h e  f r o n t )  w a s  calcu- 
l a t e d  f o r  t h e s e  tests and w a s  used as t h e  c r i t e r i o n  f o r  a s s e s s i n g  t h e  re- 
s u l t s .  The r e s u l t s  f o r  v a r i o u s  f i lms  a t  va r ious  atmospheres are shown i n  
f i g u r e s  30 t o  34, i n c l u s i v e .  
F igure  30 which shows t h e  propagat ion  of a shock through t h e  test  
chamber conta in ing  only a i r  and no fi lm, and i l l u s t r a t e s  t h e  l i n e a r  decay 
of t h e  shock v e l o c i t y  as i t  propagates  t h e  l eng th  of t h e  tube .  The same 
type  of r e s u l t s ,  t h i s  t i m e  wi th  t h e  test chamber conta in ing  a water f i l m ,  
are a l s o  dep ic t ed  i n  f i g u r e  30 and w e  can see t h a t  t h e  shock decays much 
more r a p i d l y  wi th  t h e  water f i l m  than  when t h e  walls are dry.  This is t o  
be expected s i n c e  t h e  water removed from t h e  w a l l s  by t h e  shock is vapor- 
i zed  i n  t h e  ho t  gases  fo l lowing  t h e  shock and, i n  t h i s  manner, removes 
energy from t h e  d r i v i n g  gases .  No explana t ion  is o f f e r e d  as t o  t h e  
upward bend of t h e  water f i l m  curve a t  its te rmina t ion .  The r e s u l t s  shown 
i n  f i g u r e  31, f o r  n-decane were a l i t t l e  d isappoin t ing  i n  t h a t  t h i s  m a t e -  
r i a l  w a s  expected t o  de tona te  c o n s i s t e n t l y  wi th  t h i s  p a r t i c u l a r  i n i t i a t i n g  
device.  However, only i n  one i n s t a n c e  d id  i t  appear  t h a t  an  exothermic 
r e a c t i o n  occurred, as is i l lus t ra ted  by t h e  curve which bends upward. This 
exothermic r e a c t i o n  occurred i n  an  a i r - f i l l e d  system. It is  s u r p r i s i n g  
t h a t  a n  exothermic r e a c t i o n  occurred wi th  t h e  a i r ,  whereas w i t h  t h e  oxygen, 
no such exothermic r e a c t i o n  w a s  observed. With oxygen, it appears  t h e  f i l m  
apparent ly  s t a r t e d  t o  react ,  as evidenced by t h e  f a c t  t h a t  t h e  curve does 
not  decay as r a p i d l y  i n i t i a l l y  as t h a t  f o r  a water f i l m ,  and then  f o r  some 
unknuwn reason  r e a c t i o n  ceased. 
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In the case of an anhydrous N H4 film, two experiments were run; 
one in which pure nitrogen was use ii as the gas, and the other in which 
oxygen was used. In the runs using oxygen and N2H4, it was neceasary to 
first fill the tube with an inert gas (usually nitrogen) to minimize the 
reaction of N H4 with oxygen, which is known to proceed at a fairly rapid 
rate. About 3 minute prior to initiation of the C2H4/O2 mixture, the 
test chamber was quickly purged with oxygen. 
made to analyze the N2H4 on the walls at the time of initiation, previous 
experience indicates that probably a fairly large amount of N2H4 was 
oxidized, forming nitrogen and water, so that the wall film consisted of 
a H20/N2H4 solution, and this is probably the reason that the Mach number 
decreased. 
than that associated with the H 0 film, suggesting that some reaction oc- 
curred. Figure 33 shows the results of 
experiments using a 75 pct "I25 pct N2H4 solution as the film. Nitrogen 
was used in two of the runs, while in the third run a nitrogen flush was 
followed by an oxygen flush immediately prior to initiation. 
runs show a convex upward trend, indicating an exothermic reaction. Fur- 
thermore, even with the short-time oxygen flush, a Mach number of approx- 
imately 4.5 was obtained by the time the reaction front reached the end 
of the test chamber. 
neous system. 
Although no attempts were 
However, the rate of decrease of the shock was much slower 
Results are shown in flgure 32. 
All these 
This is  an unexpectedly high value for a heteroge- 
7 
Gordeev et a1 (38) ,  Borisov et a1 ( 3 9 ) ,  and Rybanin (40) investi- 
and explained this mechanism in the following manner. 
gated the mechanism by which wall films contribute to a detonation proc- 
ess For rela- 
tively thin films (less than 0.5 mm), the shock passing over the film 
transmits a shock into the liquid that reflects from the tube wall and 
returns to the liquid surface, where it shatters the liquid and sprays 
it out into the region behind the shock. This process occurs so rapidly 
that the liquid drops are vaporized and burned within a few centimeters 
behind the incident shock and thereby are able to contribute to the for- 
ward motion of the shock front to help establish a detonation. For thick 
films (thickerthan 0.5 mm),the shock reflection process apparently plays 
a minor role. The primary mechanism is the generation of aerodynamically 
induced waves in the liquid surface that rapidly reach such proportions 
that they disrupt the liquid surface and spew liquid into the region imme- 
diately behind the incident shock, which, as in the case of the thin film, 
vaporizes and burns so as to contribute to the forward motion o f  the shock. 
In our experiments, in which a HN/N2H4 solution was used, it is also con- 
ceivable that a detonation might propagate through the HN/N2H4 solution 
per se. This would explain the abnormally large Mach number observed in 
'Figure 34 compares the results of experiments with HN and HN/N2H4 solu- 
tions in an air atmosphere. The results for air only are also repre- 
sented. 
sults shown in figure 30, although the Mach number that is reached is 
the same. 
the irreproducible nature of the C2H4/O2 detonation process. 
The results for air in this figure are different than the re- 
The difference in the two air traces is apparently due to 
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t h i s  experiment.  
f o r  t h i s  s o l u t i o n  is  0.76 nnn ( t a b l e  4) f o r  t h e  h igh  v e l o c i t y  de tona t ion ,  
i t  is  p o s s i b l e  t h a t  a low v e l o c i t y  de tona t ion  could propagate  i n  t h e s e  
t h i n  (0.07 mn) f i lms .  
Although t h e  prev ious ly  measured c r i t i c a l  f i l m  th i ckness  
These experiments demonstrate  another  mechanism by which t h e  r e s i d u e s  
accumulated on RCS engine w a l l s  could c o n t r i b u t e  t o  an exp los ive  combustion 
without  de tona t ion  i n  t h e  l i q u i d  f i l m  i t s e l f .  
Summary 
Many phys ica l  and explosion p r o p e r t i e s  of HN and HN s o l u t i o n s  were 
s t u d i e d ,  both by t h e  Bureau and by o t h e r  i n v e s t i g a t o r s .  
s t u d i e s  are sumnarized here .  
Resu l t s  of t h e s e  
The h e a t  of conversion from t h e  f3 t o  t h e  a form is  2 Kcal/mole HN. 
The i n f r a r e d  and x-ray s p e c t r a  of HN were obtained.  HN weight- loss  rates 
were measured a t  e leva ted  temperatures  and reduced p res su res .  R e s u l t s  
i nd ica t ed  t h a t  HN l o s s  from t h e  RCS engine through thermal  d i s s o c i a t i o n  
and decomposition was no t  r a p i d  enough t o  prevent  t h e  accumulation of haz- 
ardous amounts of t h e  HN-rich res idue .  
The d e n s i t i e s  f o r  given concent ra t ions  of HN i n  e i t h e r  hydrazine o r  
water are s a t i s f a c t o r i l y  represented  by t h e  equat ion  p = p o  + a N  + bN1I2. 
S i m i l a r l y ,  thk  express ions  desc r ib ing  t h e  kinematic  v i s c o s i t y  a s  a func- 
t i o n  of a b s o l u t e  temperature  and HN concen t r a t ion  i n  hydraz ine  and water 
V N N 2  
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are loglo - = K = and loglo 2- K =, r e s p e c t i v e l y .  The s u r f a c e  ten- 
s i o n s  of molten HN and var ious  HN/N H4 and HN/HZO s o l u t i o n s  a t  e l eva ted  
t h e  express ion ,  y = yo + (KIC-K~) (T-TO) . temperatures  were measured and foun 2 t o  b e  s a t i s f a c t o r i l y  r ep resen ted  by 
HN w a s  found t o  decompose explos ive ly  a t  about  300' C.  The de tona t ion  
v e l o c i t y  f o r  a pure  molten HN f i l m  a t  75" C w a s  found t o  b e  8,500 m/sec, 
which ag rees  wi th  t h e  va lues  obtained by o t h e r  i n v e s t i g a t o r s  us ing  cy l in-  
d r i c a l  charges.  The b a l l i s t i c  mortar showed a TNT equiva lence  of 142 f o r  
HN. 
weight h e i g h t s  of 175 kg-cm f o r  cup and plunger ,  arid 50 kg-cm f o r  ERL type  
1 2  t o o l  test procedures.  
Impact s e n s i t i v i t y  tests gave 50-pct p r o b a b i l i t y  f o r  i g n i t i o n  a t  drop- 
Thin-film de tona t ion  s t u d i e s  have shown t h a t  molten H N ,  o r  HN/N2H4 and 
HN/H20 s o l u t i o n s  having HN concent ra t ions  of a t  least 40 and 75 p c t ,  re- 
s p e c t i v e l y ,  e x h i b i t  s t a b l e  de tona t ions ;  
t a i n i n g  20 and 65 weight percent  HN o r  less, r e s p e c t i v e l y ,  do not  suppor t  
s t a b l e  de tona t ions .  
HN/N2H4 and HN/H20 s o l u t i o n s  con- 
HN, HN/N2H4, and HN/A-50 s o l u t i o n s  were found t o  b e  incompatible  wi th  
NTO; a l though cons iderable  r e a c t i o n  was  ev iden t ,  none of t h e  r e a c t i o n s  ap- 
proached a n  explos ive  magnitude. Other i n v e s t i g a t o r s  have r epor t ed  
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detonative reactions of HN with cobalt and nickel. In similar experi- 
ments, the Bureau found no violent reaction when heated molybdenum chips 
were dropped into molten HN. 
A shock from an C2H4/O2 detonation (with the C2H4/O2 mixture initi- 
ally at 1 atu$was not sufficient to initiate detonation in HN/N2H4 solu- 
tions containing as much as 75 pct HN; however, the hot products from 
such a gas-phase detonation apparently initiated a detonation in the mix- 
ture. Cavitation of the HN/N2H4 solution did not affect these results to 
any measurable degree. 
Pure granular and molten HN were detonated when subjected to shock 
pressures of higher magnitude, equal to or larger than 500 atm, which 
were generated by a stoichiometric C2H4/O2 detonation. 
HYDRAZINE DINITRATE (H2N) 
Introduction 
Another material believed to be present in the engine residue is 
hydrazine dinitrate (H2N). H2N is known to decompose easily, even at 
low temperatures. Its major decomposition products are HN, ammonium 
nitrate (AN) ,  and hydrogen azide (N3H). 
rial. Thus, H2N was studied as a possible source of explosive reactions 
and its properties, essential to understanding the explosive characteris- 
tics of engine residues, were measured. 
The azide is a sensitive mate- 
The H2N used in these tests was prepared by the Bureau from HN and 
concentrated nitric acid. H2N, which precipitates in excess nitric acid, 
was filtered and washed thoroughly with ether or chloroform, and then 
dried in a vacuum desiccator. The purified material contained more than 
99 pct H2N. 
Physical Properties of H2N 
X-ray and Infrared Spectra 
X-ray diffraction studies of H2N were hampered by its highly hygro- 
scopic nature. The principal lines of the x-ray spectrum, obtained by 
the Bureau, are shown in table 8. 
TABLE 8. - X-ray diffraction spectrum for H2N 
I 8.9 
35.0 
11.8 
12.6 
I 11.2 
13.5 
I 
d, 1 1 111, 
4.82 
4.72 
4.31 
4.12 
4.05 
3.97 
3.89 
3.59 
3.57 
3.37 
3.30 
2.84 
2.80 
2.74 
2.64 
2.43 
25.8 
25.9 
12.7 
18.9 
36.0 
13.4 
39.2 
100.0 
97.8 
38.1 
82.6 
33.3 
28.8 
22.1 
35.3 
41.0 
2.41 
2.18 
2.05 
2.01 
1.99 
1.97 
1.90 
1.85 
1.80 
1.73 
1.61 
1.52 
1.39 
1.34 
1.29 
The most useful signature of the various materials of interest to the 
Bureau program was that of the infrared spectra. Unfortunately, H2N is a 
highly reactive acidic salt, incompatible with many of the materials used 
in the preparation of samples for infrared spectral analysis. 
spectrum of H2N, prepared with KBr, is shown in figure 35. 
The best 
Dissociation and Decomposition (Weight Loss Rate) 
As in the case of HN, studies were also conducted with H2N to measure 
the temperature and pressure dependence of its dissociation (or decompo- 
sition). H2N dissociates according to the reversible reaction 
and decomposes according to the irreversible reaction 
XN2H4*2HN03 -t N2H5"N03 (s) + NH4N03 ( s )  
+ N3H (8) + other products. 
6 4  
WAVELENGTH. microns 
~ 
FIGURE 35. - Infrared Spectrum of H2N. 
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H2N, unlike HN, exhibited a measurable mass loss rate at temperatures 
H2N melts at 103' to 104' C when heated rapidly; 
The weight loss of H2N at 25" C is shown in figure 36. 
below its melting point. 
when heated slowly, it begins to decompose dthout melting at approximately 
80" C. Mass loss 
experiments of H2N were conducted in the same manner and with the same ex- 
perimental apparatus as previously described for the HN studies (quartz 
spring balance). 
weight loss was a linear function of time, as shown in figure 36, the 
weight loss rate was nonlinear 
decreasing rate, as illustrated in figure 37. This decreasing rate is ap- 
parently due to the change in chemical composition of the sample. As dis- 
sociation of the H2N proceeds, it breaks down into other solids such as AN 
and HN, which slow down further dissociation. The runs shown in figures 36 
and 37 were both carried out at 200 p Hg and 25' C and 75' C, respectively. 
Except at temperatures below its melting point, where the 
and was normally characterized by a rapidly 
The dissociation/decomposition of H2N was of particular significance 
to this investigation for two reasons; N3H, a very unstable explosive gas, 
is cited in the literature as one of the products of decomposition; also, 
although the thermal decomposition of H2N is sufficiently rapid, making its 
residence time in the engine short, its solid decomposition products AN and 
HN, themselves explosives, are not as easily decomposed arid are retained in 
the engine. 
In the Bureau measurements of the mass loss r,ate of H2N, no attempt 
was made to determine the quantitative contribution of dissociation to the 
total mass loss rate. 
heated slowly, it begins to decompose, without melting, at- 80" C and 
yields, in addition to other minor products, N3H, nitric acid, nitrogen 
and water, leaving a residue of HN and AN. 
- 
According to Sabanejeff ( g ) ,  when H2N is 
Sabanejeff (8) found that a one-half gram sample of H2N, when heated 
to 80" to 85" C, lost 59 pct of its weight. When he heate a sample in a 
water bath at 100" C, almost all the sample decomposed, leaving a small 
residue of AN. 
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FIGURE 37. - Weight Loss of H2N a t  75O and a t  200 1.1 Hg. 
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I n  t h e  tests performed by the  Bureau, t h e  rate of decomposition of 
Close H2N was measured a t  f o u r  temperatures  a t  a p res su re  of 200 1.1 Hg. 
observa t ion  of t h e  decomposfng H2N showed i t  t o  r e t a i n  fts granular  
s t r u c t u r e  a t  l o w  temperatures  during decomposition; a t  h igher  temperatures ,  
and notab ly  those  i n  t h e  v i c i n i t y  of 80" C ,  i t  w a s  found t h a t  t h e  sample 
underwent a phys ica l  change. The material appeared t o  be semif lu id ,  ex- 
h i b i t i n g  a bubbling p rocess ,  similar t o  t h a t  of b o i l i n g  l i q u i d s ;  however, 
t he  su r face  r e t a ined  a c r u s t y  appearance and t h e  mass remained opaque. 
Apparently t h e  mass, which c o n s i s t s  of undecomposed H2N, HN, and AN, be- 
comes more and more enriched wi th  HN and AN e s p e c i a l l y  on t h e  su r face .  
HN and AN t oge the r  d i s s o c i a t e  slowly a t  t h i s  temperature ,  even though i t  
i s  above the  melt ing p o i n t  of pure HN. The upper c r u s t  impeded t h e  d i s -  
s o c i a t i o n  of H2N and slowed i t  down u n t i l  i t  asymptot ica l ly  approached 
t h a t  corresponding t o  the AN/" mixture.  This  i s  apparent ly  t h e  case  f o r  
t h e  r e s u l t s  shown i n  f i g u r e  37 where the  rate of mass l o s s  decreases  from 
an i n i t i a l  va lue  of approximately 2.8  mg/min t o  a va lue  of 0.05 mg/min 
a f t e r  100 min. Table 9 summarizes t h e  r e s u l t s  of t h e s e  experiments.  
TABLE 9 .  - Decomposition of H2N; summary of r e s u l t s  
I n i t i a l  
weight 
of 
sample, 
grams 
0.2579 
.2359 
.3101 
.2377 
.2025 
I n i t i a l  
weight 
l o s s  
rate,  
mg/sec 
0.00057 
.0026 
. O l l  
.046 
.047 
Pressurt 
range,  
nicrons 
H g  
230 
t o  
170 
95 
t o  
120 
200 
t o  
220 
215 
t o  
205 
19 0 
t o  
14 0 
Temper - 
a t u r e  
O C  
25 
38 
60 
76 
78 
Recip- 
r o c a l  
temper- 
a t u r e ,  
1 / O K  
0.0033E 
.00322 
.0030 
.00287 
,00285 
Percent  
i n i t i a l  
weight 
l o s s  rate,  
sec-1 0 
0.22 
1 . 1 2  
3.62  
19.25 
23.29 
Figure  38 shows a p l o t  of t h e  logar i thm of t h e  percent  of i n i t i a l  
(maximum) weight l o s s  rate of H2N as a f u n c t i o n  of t h e  r e c i p r o c a l  of t h e  
abso lu te  temperature.  The l i n e a r i t y  of t h e  curve i n  such a coord ina te  
system sugges ts  t h a t  t h e  r e a c t i o n  i s  p r i m a r i l y  a decomposition. This 
agrees  w e l l  w i th  t h e  v i s u a l  observa t ions  dur ing  the  t e s t i n g  pe r iods ;  no 
d e p o s i t s  of recombined d i s s o c i a t i o n  products  were found on t h e  co lde r  
areas of t h e  appara tus .  
tests were done wi th  the  d i s s o c i a t i n g  HN. Thus, w e  conclude t h a t  H2N 
undergoes decomposition when heated.  
Deposi t ion was  observed on t h e  w a l l s  when t h e  
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FIGURE 38. - Percent  I n i t i a l  Weight Loss Rate of H2N as a Function 
of the Reciprocal  Temperature a t  200 1.1 Hg. 
A t  temperatures  grea er than  80' C ,  t h e  m 
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l o s s  rate was  t oo  r a p i d  
t o  r eco rd  w i t h  t h e  a v a i l a b l e  ins t ruments .  
f i g u r e  38, an a c t i v a t i o n  energy f o r  t h e  process  w a s  c a l c u l a t e d  t o  b e  11 
cal/g-mole of H2N. 
of HN because t h e  HN mass l o s s  below 250' C and a t  low p r e s s u r e s  fo l lows  
a d i s s o c i a t i o n  mechanism, and is  consequent ly  p r o p o r t i o n a l  t o  t h e  exposed 
s u r f a c e  area of t h e  sample; whereas f o r  t h e  H2N, i t  appears  t o  b e  a decom- 
p o s i t i o n  mechanism and consequently p r o p o r t i o n a l  t o  t o t a l  mass. 
Comparing Sabane je f f ' s  (8) m a s s  l o s s  r e s u l t s  w i th  t h e  Bureau's a t  
80' C,  shows t h e  former ' s  300ZkLn run ve r sus  t h e  Bureau's 100-min run  gave 
weight losses a t  39.6 and 41.2, r e s p e c t i v e l y ,  and i n  good agreement. 
Apparent ly ,  most of t h e  decomposition is completed w i t h i n  t h e  s h o r t e r  
per iod  of 100 min. 
From such p l o t s  as t h e  one i n  
The mass loss rate of H2N cannot b e  compared w i t h  t h a t  
A s  noted above, t h e  a z i d e  formation i n  t h e  decomposition of H2N was 
Sabanejeff  (E) s t u d i e d  t h e  decomposition of H2N over  of major i n t e r e s t .  
s u l f u r i c  a c i d  a t  room temperature  i n  a d e s i c c a t o r  and found t h a t  t h e  
gaseous product w a s  mainly N3H. 
gases  c o l l e c t e d  ( i n  a d e s i c c a t o r )  as a r e s u l t  of t h e  spontaneous decom- 
p o s i t i o n  of H2N, i n i t i a l l y  at vacuum and a t  room temperature ,  cons i s t ed  
of 55 p c t  N2, 40 p c t  N20, 1 p c t  02, and 5 p c t  (202; N3H and water were no t  
de t ec t ed .  The C02 may have come from t h e  dry ing  agen t  i n  t h e  d e s i c c a t o r .  
The gases  evolved dur ing  thermal  decomposition of H2N i n  a hel ium atmos- 
phere (220 mm Hg) cons i s t ed  of 50 p c t  N 2 ,  35 p c t  N20, 1 3  p c t  H20 and less 
than  1 p c t  each of N3H and 02. To minimize loss due t o  p o s s i b l e  l e a k s ,  
and t o  dec rease  t h e  s u r f a c e  area of glassware exposed t o  t h e  gases as w e l l  
as t o  s h o r t e n  t h e  time between decomposition and t e s t i n g  of t h e  gases 
evolved, t h e  evacuated g l a s s  f l a s k  con ta in ing  t h e  sample of H2N was  d i -  
r e c t l y  connected t o  a m a s s  spectrometer  and then  hea ted .  
only water vapor was evolved. A t  75' C ,  t h e  gases  d e t e c t e d  by t h e  mass 
spec t rometer ,  exc lus ive  of water vapor ,  w e r e  63 pct  N2, 28 p c t  N20, 9 pc t  
NO, 0 .1  p c t  N3H, and t r a c e  amounts of 02. Only small amounts of N3H, i f  
a t  a l l ,  were de tec t ed  i n  t h e  Bureau tests, i n  c o n t r a s t  t o  t h e  r e s u l t s  quoted 
by Sabanejef f .  N3H is  very reactive; i t  is  s t r o n g l y  adsorbed on g l a s s  (3) , 
d i s p l a c i n g  t h e  water i n  t h e  g l a s s ;  thus t h e  type  of g l a s s  used i n  t h e  tests, 
i ts  p re t r ea tmen t ,  and time of con tac t  between gas and g l a s s  can a l l  i n f l u -  
ence t h e  r e s u l t s .  
NN. 
Bureau experiments r evea led  t h a t  t h e  
P r i o r  t o  h e a t i n g ,  
The glassware used by t h e  Bureau w a s  no t  p r e t r e a t e d  wi th  
Sabanejeff  does n o t  mention t h e  cond i t ion  of h i s  appa ra tus .  
Chemical P r o p e r t i e s  of H2N 
React ion of H2N w i t h  N2H4 
I n  t h e  course  of t h e  MSC's RCS engine  q u a l i f i c a t i o n  program, they  ob- 
served  an occas iona l  anomalous combustion chamber tempera ture  h i s t o r y  dur- 
i n g  r e p e t i t i v e  f i r i n g  of t h e  engine f o r  a c e r t a i n  number of pu l se s  fol lowed 
by a s h o r t  i n t e r v a l  of nonpulsing. A f t e r  t h e  expected smooth rise i n  tem- 
p e r a t u r e ,  t h e r e  occurred a lowering of t h e  temperature ,  fol lowed aga in  by a 
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rise in temperature, this the to a somewhat higher degree and so 
Since this behavior appeared to be associated wlth an exothermic reaction, 
some thought was given to the various types of exothermic reactions likely 
to occur in these engines. 
with liquid N2H4 to form HN according to the reaction 
One of these concerned the reaction of H2N 
Preliminary investigation of this reaction indicated that it evolved 
The gases evolved considerable heat and released small amounts of gases. 
during the reaction were collected and analyzed by mass spectroscopy and 
the results were as follows: 
Gas detected 
N20 
N 2  
H2° 
"3 
N3H 
N2H4 
Unidentified 
Percent in sample 
4 .7  
5 .O 
80.6 
5 .3  
2 .o 
0 . 1  
2 .2  
The amount of gas constituted only about 0.1 pct of the original 
The results suggest that decomposition of the H2N sample, by weight. 
occurs during the reaction, probably as a result of the thermal energy 
released, though to a very small degree. 
The heat of the reaction between H2N and N2H4 was measured in the 
calorimeter (fig 39) .  The calorimeter was calibrated with the nichrome9 
resistance wire by heating the wire with a known current and voltage for 
various lengths of time and measuring the temperature rise. During Cali- 
bration, HN was placed in the small glass vial to account for the heat 
capacity of the reaction product. A weighed amount of solid reactant was 
placed in the glass vial and a stoichiometric amount of liquid N2H4 was 
drawn into the syringe; the apparatus was assembled as shown in the figure. 
The average heat evolved in-three runs was 
25' C ,  compared to a calculated value of The 
calculated and experimental values do not agree too well. 
value does not account for the decomposition of H2N that possibly takes 
place, and consequently is expected to be somewhat higher. 
of error may be due to a small amount of N2H4 having remained in the needle 
of the syringe or to the heat of reaction bringing about some decomposition 
of the hydrazine not yet reacted. 
1 gram of H2N reacting with N2H4 will increase the temperature by about 2' C. 
15+1 Kcal/g-mole of H2N at 
19 Kcal/g-molel0 of H2N. 
The calculated 
Other sources 
Wth an engine that weighs about 450 grams, 
8The temperature-time plot had a sawtooth profile. 
9See footnote on page 32. 
'OCalculated from bond energies and heats of formation. 
,Precision thermometer / 
ttery 
FIGURE 39. - Calorimeter Used in the Measurement of Heat 
of Reaction of H2N with N2H4. 
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Reaction of H2N W€th "TO 
H2N was dropped into liquid NTO to determine if the material would 
Although the reaction was extremely fast, there was no apparent detonate. 
tendency for the material to explode for the 10-gram sample tested. 
Explosion Characteristics of H2N 
TNT Equivalence and Impact Sensitivity 
The TNT equivalence and impact sensitivity of H2N were determined in 
the same manner and the same equipment as previously used in the €IN meas- 
urements. 
of 115 Kg-cm and 65 Kg-cm were obtained for the cup-and-plunger and sand- 
paper tests," respectively. It is of interest that the TNT equivalence 
of H2N is approximately one-half that of HN, furthermore, H2N appears to 
be less sensitive to shock impact than HN. This fact was unexpected, since 
we had anticipated the dinitrate to be less stable than the mononitrate. 
summary 
A TNT equivalence of 75 pct was found; an impact sensitivity 
X-ray and infrared spectra for H2N were obtained. The reaction of 
H2N with N2H4 was found to proceed with a heat of reaction equivalent to 
about -15 Kcal/g-mole of H2N at 25" C.  This reaction was accompanied by 
release of the gases N20, N2, H20, "3, and N3H. 
liquid NTO, although very fast, was not explosive. 
Reaction of H2N with 
H2N was found to have a TNT equivalence of 75 pct and an impact sen- 
sitivity of 115 Kg-cm and 65 Kg-cm for the cup-and-plunger and sandpaper 
tests, respectively. 
H2N decomposes when heated in a vacuum and gives off mainly 3 2 ,  N20, 
NO, and H20, with the respective concentrations dependent on the tempera- 
ture of decomposition. Traces of 02 and N3H were detected in some of the 
runs. The undecomposed portion contained, in addition to H2N,a mixture 
of HN and AN. The decomposition gases were studied in detail, because they 
were reported to contain large amounts of N3H. However, only trace amounts 
of this gas were observed in the Bureau tests. But even trace amounts are 
undesirable in the RCS engines; the solid decomposition products, namely AN 
and HN, also are undesirable. 
Thus, although H2N easily decomposes and can be removed by thermal 
means, its presence in engine residues is not desirable. 
llThese are standard tests for measuring the impact sensitivity of explo- 
sives, and were used in testing HN and any of the other materials prepared 
in this program that were tested for impact sensitivity. I 
HYDRAZINE NITRITE 
Introduction 
Hydrazine nitrite also was suggested as a possible constituent of 
the engine residue. Although the nitrite was found in the product from 
the flow reactor used in Bureau studies (see volume IV), it was not de- 
tected in the MSC RCS engine residues analyzed by the Bureau. These re- 
sults, however, are not unexpected. The nitrite decomposes very easily, 
even at room temperature. Trace contaminants also accelerate the decom- 
position of the nitrite, and the samples from the MSC RCS engines were 
not analyzed immediately after sampling; shipping time (to the Bureau) 
took .several days. 
Hydrazine nitrite is reported to be a sensitive explosive ( 4 2 ) .  
Ammonium nitrite, a substance similar in properties to hydrazineTitrite 
(43) ,  - is known to decompose explosively at relatively low temperatures. 
We were unauccessful in preparing enough nitrite for the vwious 
tests for explosive sensitivity and combustion characteristics. Only 
small amounts of nitrite were obtained when the hydrazine nitrite was 
prepared according to a method suggested by Sommer (44) and the purity 
of the salt was not established. 
found in the literature. 
No other preparation procedure was 
Physical Characteristics 
Hydrazine nitrite was obtained from the reaction of hydrazine sulfate 
Different analytical techniques gave 
and barium nitrite in a water solution. 
was never satisfactorily determined. 
different results. The presence of nitrite was shown, and it.was verified, 
by atomic absorption spectroscopy, that the product did not contain barium. 
The purity of the resultant salt 
The melting point of the material was measured in a DSC to be 42" C, 
in agreement with the value cited by Sommer ( 4 4 ) .  The infrared spectrum 
measured at the Bureau is shown in figure 40. 
x-ray spectrum was unsuccessful. DSC studies, in the range from -20" to 
350° C showed many peaks and thermal changes, even at low temperatures, 
indicating reactions at these low temperatures. 
bility,no further work was done on this compound. 
An attempt to obtain an 
Due to its chemical insta- 
Sommer ( 4 4 )  postulated that hydrazine nitrite decomposes according to -
the reaction: 
N2H5N02 * "3 + N20 + H20 r 111 
with the reaction being catalyzed by nitrous acid. 
conceivably formed in the RCS engine as a result of a reaction between "TO 
and H 2 0 ,  and was found in products from reactions taking place in the 2-D 
engine and the gas flow reactor. Therefore, the possibility of hydrazine 
nitrite accumulating in the engine residues is poor. 
Nitrous acid is 
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WAVELENGTH, microns 
FIGURE 4 0 .  - I n f r a r e d  Spectrum of Hydrazine Nitrite. 
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MONOMETHYLHYDWINE NITRATE (MN) 
Introduction 
It has been noted that fewer pressure spikes or hard starts occur 
with the monomethylhydrazine (=)/"TO propellant system than with the 
N2H4/NTO or A-50/NTO systems. 
MMH/NTO combination which accumulate in the residues are not sensitive. 
For this reason, it is of value to compare these products with those from 
the N2H4/NTO or A-50/NTO reactions. 
Conceivably, the reaction products of the 
The main product of the MMH/NTO reaction was monomethylhydrazine 
nitrate (MN); it was also found in residues from pulse-mode-fired 1-lb 
thrust motor tests (45) as well as in the products of MMH/NTO reactions 
studied by Seamans a s  Dawson (46), Mayer and his coworkers (g), and 
the Bureau of Mines, as reporterin volume IV of this report. Zung and 
Breen (48) reported AN, instead of MN, to be the major product of the re- 
action in their studies. AN also was found in combustion products of a 
pulse-mode-fired 22-lb thrust engine and of a steady state fired 1-lb 
thrust motor (45). -
The MN used in our investigations was prepared in the same manner as 
was HN; but since MN does not precipitate upon addition of nitric acid to 
the methanol solution of MMH, the solution is evaporated in vacuum and 
gently heated until MN precipitates. 
warm methanol followed by crystallization. 
pure. 
The salt is purified by melting in 
MN was found to be 98.5 pct 
Physical Properties of MN 
Infrared and X-ray Spectra 
The infrared spectrum of the pure MN salt, pressed in a KBr pellet, 
is shown in figure 41. 
table 10. 
The x-ray spectral lines for MN are given in 
7 7  
.- - ..- - - -  
WAVELENGTH (MICRONS) 
FREQUENCY (CM') * 
F I G W  41. - I n f r a r e d  Spectrum of MN. 
TABLE 10. - X-ray diffraction spectrum of MN 
(results of Bureau of Mines 
analysis) 
-~ 
d ,  
7.87 
5.5 
5.02 
4.37 
3.93 
3.39 
3.10 
2.88 
2.79 
2.68 
2.59 
2.47 
2.38 
2.26 
2.23 
2.17 
1.87 
86.3 
25.6 
27.2 
22.8 
59.5 
51.8 
100.0 
52.6 
42.4 
14.8 
18.3 
10.7 
26.0 
20.1 
25.0 
14.8 
18.5 
Thermal P r o p e r t i e s  
The me l t ing  po in t  of MN as measured i n  t h e  DSC by t h e  Bureau w a s  found 
There w a s  i n d i c a t i o n  of b o i l i n g  o r  d i s s o c i a t i o n  s t a r t i n g  a t  t o  b e  41.5' C. 
120" C. Both Mayer and coworkers 
(17) and Takimoto and Denault  (45) have s tud ied  MMH/N204 r e a c t i o n s  and t h e i r  
products  i n  d e t a i l .  
and of MN prepared by t h e  l a t te r  are reproduced i n  f i g u r e s  43 and 4 4 ,  
r e spec t ive ly .  
t i o n  of t h e  MN prepared by Takimoto and Denault  (45) s ta r t s  a t  about 180' C ,  
a temperature  h ighe r  t han  found by t h e  Bureau by 600 C.  
change temperatures  are dependent t o  a n  e x t e n t  on t h e  h e a t i n g  rate,  a d i f -  
f e r ence  of 60" C i n  t h e  r e s u l t s  cannot b e  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  t h e  
hea t ing  rates. Peak temperatures  concur. 
A thermogram of MN is shown i n  f i g u r e  42. 
The thermoEams of t h e i r  r e a c t i o n  products  ( res idue)  
I n  f i g u r e  44, i t  is seen  t h a t  b o i l i n g  and/or  slow decomposi- 
Although phase 
Mass Loss Rate 
A few de termina t ions  were made of MN mass l o s s  rates. A t  low p r e s s u r e s ,  
MN d i s s o c i a t e d  r a p i d l y  and t h e  gaseous d i s s o c i a t i o n  products  recombined and 
depos i ted  on a v a i l a b l e  cold s u r f a c e s  i n s i d e  t h e  test appara tus  ( q u a r t z  s p r i n g  
ba lance) .  Resu l t s  of mass l o s s  rate measurements a t  25', 5 5 O ,  and 94" C ,  a l l  
a t  low p res su res ,  were as fol lows:  
Test 
O C  microns Hg mg/min'lcm-2 
temperature ,  P res su re ,  Mass l o s s  rate, 
25 35 0 
55 25-30 0.04 
94 25-30 .35 
MN, l i k e  HN, e x h i b i t s  no measurable d i s s o c i a t i o n  a t  temperatures  below i ts  
mel t ing  p o i n t ,  and its rate of d i s s o c i a t i o n  increases w i t h  increased 
temperatures .  
Explosion C h a r a c t e r i s t i c s  of MN 
Detonat ion Behavior 
The de tona t ion  c h a r a c t e r i s t i c s  of MN and s o l u t i o n s  of MN i n  MMH and i n  
water were measured by t h e  Bureau, and i t  w a s  found t h a t  even very  concen- 
t r a t e d  s o l u t i o n s  conta in ing  90 p c t  MN d i d  no t  s u s t a i n  de tona t ion  i n  l a y e r s  
as t h i c k  as 1.25 cm. 
havior  w i t h  a de tona t ion  v e l o c i t y  of 2,200 m/sec, and a c r i t i ca l  f i l m  th ick-  
ness  of 0.03 cm. 
The pure  molten MN showed l a w  v e l o c i t y  de tona t ion  be- 
232.7 249.1 327 7 43 62 I27 
TEMPERATURE, OC 
FIGURE 42. - Differential Scanning Calorimeter Record of MN. 
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FIGURE 4 3 .  - A d i f f e r e n t i a l  Thermal Analys is  Curve (Thermogram) 
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FIGURE 4 4 .  - A Dif ferent ia l  Thermogram of  MN (from Takimoto 
and Denaul t (45) ) . 
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TNT Equivalence and Impact Sensitivity 
The TNT equivalence and the impact sensitivity of MN also were meas- 
ured and found to be 136 pct and 77.5 Kg-cm, respectively. 
71.3 Kg-cm for impact sensitivity of MN was obtained by Seamans and 
Dawson (24). -
A value of 
Heating Effects on MN 
When MN in the semisolid form of the engine residue was heated at 
170" C and at atmospheric conditions, it converted to methylamine nitrate 
(45). On the other hand, when it was heated in vacuum, it dissociated 
into MMH and HN03 and recombined on cold surfaces. AN behaves in similar 
fashion, with the mode of decomposition being a function of the pressure. 
Thus, the possibility of methylamine nitrate forming in actual flight con- 
ditions in deep space at very low pressures is small. 
FORMATION OF MONOMETHYLHYDRAZINE DINITRATE (M2N) 
MN, when combined with excess nitric acid, will form monomethyl- 
hydrazine dinitrate (M2N). 
who obtained its infrared spectrum and differential thermogram. It is 
possible that MN, when present in the residue on the engine walls, will 
react with injected NTO to form M2N. 
ture than does MN, as seen in the differential thermogram, obtained by 
Takimoto (45), - and reproduced in figure 45. 
M2N was prepared by Takimoto and Denault (g), 
M2N decomposes at a lower tempera- 
UNSYMMETRICAL DIMETHYLHYDRAZINE NITRATE (UN) 
Introduction 
! 
HN is a m a j o r  constituent of the engine residues when N2H4 is the 
fuel used; MN is often contained in the residues when MMH is the fuel. 
Therefore, it was expected that unsymmetrical dimethylhydrazine nitrate 
(UN) would be a major constituent of the engine residues when UDMH 
(unsymmetrical dimethylhydrazine) was the fuel; likewise it was expected 
that if the fuel were A-50 (a 50:50 mixture of N2H4 and UDMH), a mixture 
of HN and UN would be found in the residue. 
However, this was not found to be the case in the Bureau of Mines 
experiments. No UN was detected in RCS engine residues or in the reaction 
products of the 2-D plastic engine; in one or two of the flow reactor 
products of reaction described in volume IV of this report, very small 
amounts of UN mixed with AN were observed. 
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FIGURE 45. - A Differential Thermogram of M2N (from Takimoto 
and Denault (45)). 
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The only instances where the product of reaction has an infrared 
spectrum almost identical to an infrared spectrum of a saturated solution 
of UN in UDMH, are reported by Mayer, Taylor and Schieler (47) and by 
Seamans and Dawson (46). Mayer and coworkers (47) obtainedTheir product 
by reacting 50 V R  of E M H  with NO2 vapor at 30 m7 and -11" C. The latter 
product was produced in a reaction at 25" C between UDMH vapor at 5 mm 
and NO2 vapor at 5 m. 
UN can be prepared by the reaction of UDMH with nitric acid in 
dilute solutions and at low temperatures. As seen above, it also forms 
in a reaction between UDMH and NTO, but is very sensitive to temperature 
and impurities. 
Preparation and Properties 
Considerable difficulty was encountered in preparing large batches 
of UN, primarily because it reverted to ammonium nitrate at some stage 
in the process. However, by carefully controlling the technique and re- 
action temperature, as well as the dilution, small quantities of UN were 
prepared in sufficient quantities to measure most of its properties. 
UN was prepared in the same manner as MN, by combining concentrated 
nitric acid and UDMH in an ethanol solution at -20" to -30" C. UN, like 
the other fuel nitrates, is hygroscopic and special precautions must 
always be followed in order to avoid water contamination. A chemical 
analysis of the maverial, using the nitron technique ( 3 ) ,  showed the 
salt to have a purity higher than 99 pct. Because of The hygroscopic 
nature of the material, considerable difficulty yas experienced in pre- 
paring a good sample and in obtaining a satisfactory x-ray spectrum of UN. 
[The peaks that appeared in the densitometer tracings of the resultant 
films were not sharp triangles, as is usually the case, but short broad 
figures with irregular plateaus at the top. 
ficult and the I/Io values were obtained by comparing areas instead of 
peak heights.] 
Infrared spectroscopic analysis of UN was obtained using the potassium 
bromide pellet technique; the spectrum is shown in figure 46. 
red spectrum of a dilute solution of UN in UDMH is shown in figure 47. 
Locating the centers was dif- 
Table 11 shows the x-ray lines of the best spectrum. 
The infra- 
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FIGURE 46.  - I n f r a r e d  Spectrum of UN. 
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FIGURE 47. - I n f r a r e d  Spectrum of a D i l u t e  So lu t ion  of UN i n  UDMH. 
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TABLE 11. - X-ray diffract2on spectrum of UN 
I 
d, i 
7.11 
5.86 
5.32 
5.07 
4.86 
4.60 
4.38 
3.86 
3.63 
3.54 
3.40 
3.29 
3.12 
2.91 
1 1/10 
10.4 
10.3 
28.5 
6.1 
6 .O 
41.9 
100.0 
49.9 
5.2 
28.7 
1.2 
35.9 
22.5 
9.3 
2.80 
2.64 
2.51 
2.42 
2.36 
2.26 
2.18 
2.10 
1.89 
1.84 
1.81 
1.76 
1.70 
1.65 
15.1 
28.4 
1.9 
9.2 
2 .o 
3.6 
2.6 
5.4 
1.8 
6.0 
2.3 
2.7 
3.8 
4.3 
Differential scanning calorimetry studies of UN showed a melting 
point of 43.5" C; it boiled at 153.5" C. 
sition occurred at about 245" C. Although the decomposition occurred 
rapidly,,it did not appear to be explosive. The TNT equivalence and shock 
sensitivity of UN were measured in the same manner as HN. Its TNT equiva- 
lence was measured to be 106 pct and its impact sensitivity, as measured 
by the ERL type 12 tool test (22)--which indicates a 50-pct probability of 
ignition--was 166 Kg-cm; thus E is more sensitive to impact than is HN. 
References to UN or its properties were not found in the general literature. 
On further heating, decompo- 
TETRAMETHYLTETRAZENE (TMT) 
Introduction 
Among the reaction products of gaseous UDMH and gaseous NTO in the gas 
flow reactor studies (volume IV) was tetramethyltetrazene (TMT), believed 
to be one of the oxidation products formed in the engine residue from the 
UDMH portion of the A-50 fuel. In view of the triple nitrogen bond struc- 
ture, one would surmise that this material might be an explosive substance. 
For this reason, some of its physical and combustion characteristics were 
studied by the Bureau. 
Physical Characteristics 
TM"*was prepared according to a method described by Bull, Seaton and 
Audrieth (49) in which UDMH was oxidized by mercuric oxide. No particular 
dif f icultiG were experienced in the preparation of this material and 
melting point measurements indicated it to be of high purity. 
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An infrared spectrum of liquid TMT was obtained and this is shown in 
figure 48; the spectrum is identical with that publtshed in the literature 
(50) 
The thermal decomposition of TMT was studied by Gowenlock, Jones and 
Snelling (51). 
260" C, thFonly products of decomposition observed were tetramethyl- 
hydrazine and nitrogen; while at temperatures above 260' C, trimethylamine 
and tetramethylmethylenediamine were formed. 
products, however, represent a particular explosion hazard. 
They reported that over the temperature range of 193" to 
None of the decomposition 
Mass spectroscopic data also were obtained and these are shown in 
table 12. 
tetramethylmethylenediamine, respectively, can be seen but they constitute 
very small quantities. 
Mass peaks at 59 and 102, corresponding to trimethylamine and 
TABLE 12. - M ~ S S  spectrum of TMT~ 
Mass 
2 
12 
14 
15 
16 
17 
18 
28 
29 
30 
31 
32 
37 
38 
39 
40 
41 
P.S. 
37 .O 
79.0 
500.0 
1,680.0 
36.6 
29.5 
2800. 0 
2,260 .O 
93.0 
149.0 
8.5 
17.7 
3.7 
120.0 
172.0 
372.0 
450.0 
Mass 
42 
43 
44 
45 
46 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
P.S. 
2,230.0 
1,830.0 
1,930 .O 
690.0 
37.0 
6.8 
8.1 
3.6 
2.0 
2.8 
5.7 
6.0 
12.8 
45.0 
127.0 
4.0 
2 -6  
Mass 
62 
63 
64 
65 
66 
67 
68 
69 
70 
71 
72 
73 
74 
116 
117 
P.S. 
4.4 
8.0 
2.6 
9.4 
2.8 
1.6 
1.8 
4.0 
8.1 
8.1 
207 .O 
17 .O 
1.7 
520.0 
33.3 
%ass numbers 19 to 27 all gave bad peaks. Mass numbers 88 to 102 gave 
some peaks that may be due to the presence of (1) mercury traces, and (2) 
traces of the previous sample analyzed in the spectrometer. 
2Bad peak. 
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WAVELE NQTH, micronl 
FIGURE 48. - I n f r a r e d  Spectrum of L i q u i d  TMT. 
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Explosion Characteristics 
In view of the fact that TMT probably constitutes only a small frac- 
tion of the engine residues, only its TNT equivalence and impact sensi- 
tivity were determined. Following the same procedure as used for HN, a 
TNT equivalence of 50.5 was obtained. 
not detonate, even at the maximum impact condition of 1,500 Kg-cm avail- 
able with the Bureau apparatus. 
In the'impact experiments, TMT did 
HYDRAZINE AZIDE 
Introduction 
Azides were among the explosive materials initially suggested as pos- 
sible constituents of the engine residues (52). Hydrogen azide, specifi- 
cally, is a very powerful and extremely sensitive explosive. 
evidence of its great sensitivity to light, impact, and heat, among other 
initiating sources. 
in the engine. The engine is known to contain both N2H4 and the azide ion, 
N5, in addition to hydrogen azide. The azide ion was found in the infrared 
spectra of the reaction between N2H4 and NTO at low temperatures (52-53). 
The azide group has also subsequently been found in the spectra of both the 
Bureau's flow reactor and 2-D plastic engine reaction products. Although 
it is usually present in quite small amounts, there were a few instances in 
which the concentration was observed to be dangerously high. The instabil- 
ity of azides originates from the triple nitrogen configuration. Even 
small amounts of hydrogen azide (17 pct by weight) dissolved in water have 
been observed to constitute an explosive mixture (54). -
There is much 
There is the possibility of hydrazine azide forming 
Preparation and Physical Characteristics 
Hydrazine azide was prepared according to a method described in U . S .  
patent No. 3,155,456 ( 5 5 )  in which the azide is formed by the reaction of 
sodium azide, hydrazinc and hydrazine sulfate. 
in a 2-liter n-butanol solution for 15 min at 170' C, following which the 
solvent was decanted, cooled to a temperature of ~5' C, whereupon a crys- 
talline product separated out. This material was filtered, washed with 
ether, and dried. 
MIL-P-27402 ( U . S .  Air Force) (56) - and its purity was calculated to be 
greater than 98.5 pct. 
This mixture was refluxed 
It was analyzed by procedures described in Milspecs 
A separate quantitative test for azides also was conducted and these 
The infrared spectrum is shown in figure 4 9 .  
results substantiated this analysis. 
obtained for this material. 
Because of the very hygroscopic nature of hydrazine azide, considerable 
difficulty was experienced in obtaining a satisfactory sample for x-ray 
spectral analysis. 
Both infrared and x-ray spectra were 
The values obtained are shown in table 13. 
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FIGURE 49.  - Infrared Spectrum of Hydrazine Azide. 
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TABLE 13. - X-ray d i f f r a c t i o n  spectrum 
of hydrazine a z i d e  
d ,  1 
5.80 
5.12 
3.35 
3.23 
2.87 
2.71 
2.54 
2.46 
2.32 
2.28 
2.18 
2.12 
2.08 
1.85 
1.74 
1.57 
1.55 
1.52 
1.49 
ID, 
1 .0  
2 .8  
78.7 
100.0 
61.1 
6.5 
25.5 
2.4 
2.8 
9.7 
3.0 
5.4 
9.2 
5.4 
6.9 
4.4 
4.1 
4.6 
5.9 
A thermal a n a l y s i s  i n  t h e  DSC was performed; t h e  mel t ing  p o i n t  and 
h o i l i n g  p o i n t  were found t o  depend s t r o n g l y  on t h e  hea t ing  rates used 
dur ing  t h e  a n a l y s i s .  Although this phenomenon has  been known and has  
been mentioned earlier i n  t h i s  volume, the degree of dependency on hea t -  
i n g  rate varies from material t o  material, and i s  a f f e c t e d  by such f a c t o r s  
as sample s i z e  and c r y s t a l  s i z e .  For the hydrazine az ide ,  the mel t ing  
p o i n t  v a r i e d  between 59' and 67" C and the b o i l i n g  p o i n t  v a r i e d  between 
79' and 93' C. 
Comhustion Characteristics 
T h e  TNT equivalence and impact s e n s i t i v i t y  of hydrazine a z i d e  were 
measured in  the same manner as used f o r  the HN. The TNT equiva lence  w a s  
144 p c t  and the impact ' s e n s i t i v i t y ,  us ing  the cup-and-plunger technique,  
815 Kg-cm. 
NITROSYL AZIDE 
Although never a c t u a l l y  observed i n  the s p e c t r a  of engine  r e s i d u e s ,  
n i t r o s y l  a z i d e  is suspec ted  of being a shor t - l i ved ,  i n t e rmed ia t e  product  
i n  the engines ,  and because of its highly reactive and u n r e l i a b l y  explo- 
sive na tu re ,  some cons ide ra t ion  was given  t o  this material. 
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It is houri t o  t o m  a c c o r d b g  t o  the fol lowing reactLon: 
and ho thhydrogen  a z i d e  and n i t r o u s  a c i d  are be l ieved  t o  be p re sen t  i n  
the engine during engine opera t ion .  
Although the Bureau d id  no t  prepare  this substance,  o t h e r  r e sea rche r s  w) have prepared i t  and some of i t s  c h a r a c t e r i s t i c s  have been measured. 
N i t r o s y l  a z i d e  is a yellow l i q u i d  f r e e z i n g  between -66" C and -55" C ,  
depending upon the method of prepara t ion ;  i t s  ex t r apo la t ed  b o i l i n g  po in t  
is  i n  the v i c i n i t y  of 1' C.  It has the chemical formula N40, and as one 
might suspec t  from such  a molecular  s t r u c t u r e ,  the material is extremely 
uns t ab le .  T h e  two c h a r a c t e r i s t i c s  of this material which a t t r a c t e d  our  
a t t e n t i o n  were t h e  nearness  of i t s  mel t ing  po in t ,  -66' C, t o  t h e  temper- 
a t u r e  a t  which f rozen  N2H4 and NTO have been observed t o  react v i o l e n t l y ,  
and the n i t r o s y l  i o n  two prominent abso rp t ion  bands i n  t h e  i n f r a r e d ,  one 
a t  4.28 p ~ c l  one a t  5.4 p, b o t h  of which were observed i n  t h e  i n f r z r s d  
spectra of the r e a c t i o n  between N2H4 and NTO, a t  t h e  low temperature range 
of -133' t o  -124' C u). These observa t ions  l e a d  one t o  suspec t  t h a t  t he  
n i t r o s y l  a z i d e  may be the u n s t a b l e  low-temperature r e a c t i o n  product of t he  
r e a c t i o n  between N2H4 and NTO a t  -133" C.  
h e  done be fo re  this observa t ion  can be v e r i f i e d .  
Ce r t a in ly ,  more work needs t o  
94 
It has been e s t a b l i s h e d  t h a t  the phys ica l  c h a r a c t e r i s t i c s  of the 
The 
engine  r e s i d u e s  as w e l l  as their combustion characteristics are s i g n i f i -  
c a n t  i n  e s t a b l i s h i n g  explos ion  Emzards wi th in  these RCS engines .  
r e s i d u e  v i s c o s i t y  and s u r f a c e  t ens ion  p lay  a major r o l e  i n  t h e  formation 
of d e p o s i t s  of these materials necessary  t o  c o n s t i t u t e  exp los ive  systems.  
A f t e r  having measured the v i s c o s i t y  and s u r f a c e  t ens ion  f o r  hydrazine 
n i t r a t e  s o l u t i o n s  i n  bo th  water and hydrazine,  one can then  estimate t h e  
n a t u r e  of t h e  d e p o s i t s  under v a r i o u s  engine ope ra t ing  cond i t ions .  
It a l s o  has been e s t a b l i s h e d  that hydrazine n i t r a t e  does n o t  thermal ly  
d i s s o c i a t e  s u f f i c i e n t l y  r a p i d l y  below i t s  explos ion  decomposition l i m i t  t o  
provide  a means f o r  removal of this material by hea t ing  t h e  engine  and re- 
moving the HN f a s t e r  than i t  is being formed. 
have demonstrated that r e l a t i v e l y  t h i n  f i l m s  of HN/H2H4 s o l u t i o n s  can be 
de tona ted  when s u i t a b l y  i n i t i a t e d .  
p e r  se does  no t  probably d e s t r o y  an engine,  t h e  gas  p r e s s u r e  r e s u l t i n g  from 
the explos ion  can. 
p a r t i c u l a r l y  s e n s i t i v e .  Although i t  w a s  demonstrated t h a t  t h e s e  f i l m s  can 
de tona te  i n  si tu,  i t  was subsequent ly  shown t h a t  t h e  combustible material 
depos i ted  on the engine w a l l s  is exp los ive ly  burned a f t e r  removal from the  
w a l l  by a heterogeneous de tona t ion  i n  the gas-phase. 
of a low v e l o c i t y  de tona t ion  i n  the t h i n  f i l m  s t u d i e s  suggested t h e  poss i -  
b i l i t y  of c a v i t a t i o n a l l y  induced de tona t ion  i n i t i a t i o n ,  no evidence w a s  
found t o  i n d i c a t e  t h a t  c a v i t a t e d  HN/N2H4 s o l u t i o n s  are shock s e n s i t i v e .  
Thin f i l m  de tona t ion  s t u d i e s  
Although the de tona t ion  of t h e  f i l m  
Impact s e n s i t i v i t y  s t u d i e s  i n d i c a t e  t h a t  HN is  n o t  
Although t h e  presence  
Add i t iona l  s t u d i e s  a l s o  w e r e  conducted on hydrazine d i n i t r a t e ,  hydra- 
z ine  n i t r i t e ,  monomethylhydrazine n i t r a t e ,  unsymmetrical dimethylhydrazine 
n i t r a t e ,  tetramethyltetrazene,hydrazine a z i d e ,  and n i t r o s y l  a z i d e .  Unfor- 
t una te ly ,  t i m e  d i d  not  permit  a thorough i n v e s t i g a t i o n  of a l l  t h e  phys ica l  
and combustion c h a r a c t e r i s t i c s .  However, i t  was concluded t h a t  none of 
these materials i n d i v i d u a l l y  r e p r e s e n t  a p a r t i c u l a r l y  hazardous material 
con t r a ry  t o  many o r i g i n a l  sugges t ions .  
these materials may s i g n i f i c a n t l y  i n c r e a s e  the explos ion  hazard.  
It is conce ivable  t h a t  mix tures  of 
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